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CHAPTER 1 
INTROJlUCTION 
1.1 Plasmas as Excitation Sources 
The limitations of flames as excitation sources in spectro-
chemical analysis are well known and can be placed on a rational 
basis in the following manner. Since the energy of flames is 
derived from combustion processes, their temperatures are mainly 
limited by the heats of combustion of the gases used. The 
comparatively low temperatures which can be obtained can result in 
poor sensitivity, which in cases where the line of interest is 
difficult to excite can be vanishingly small; in addition molecules 
or radicals containing the analyte atoms may not be dissociated, so 
that chemical interferences and further loss in sensibvity may be 
serious. Even the exotic fuel mixtures to which the quest for higher 
temperatures has led are not hot enough to eliminate these drawbacks. 
A flame has a ~ achievable temperature reached when the energy 
released in the combustion process ~s used solely to heat the products 
'o:r combustion. In practice this temperature can never be achieved 
because of energy losses due to radiation and conduction to the 
surrounding atmosphere. A source where the amount of energy suppl~ed 
is independent of the mass of gas it heats is not subject to the 
limitation that each gxam of gas has a certam amount of energy available, 
so that, in principle at least, very much higher temperatures can be 
obtained. Plasma sources are of this type and the search for higher 
temperatures was and is the reason for their development and application. 
A plasma is a gas, ionised sufficiently for its properties to 
depend significantly on the ionisation, while macroscopically remaining 
electrically neutral overall. The plasma state is widespread, 
occurring in devices as different as fluorescent lamps, nuclear fusion 
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reactors and stellar atmospheres. Much of the early work on plasmas 
. 
is reported in the astophysical literature. In the field of spectre-
che~cal analys~s the most commonly encountered plasma is the discharge 
column of any arc no matter how produced. The important property of 
a plasma as a spectroscopic source is that electric energy can be 
imparted to the electrons, which can be transferred, by collisions, to 
the other particles and thereby heating them. In the case of low 
pressure plasmas electrons can travel relatively long distances when 
the pressure is low before colliding with an atom and can gain enough 
energy from the electromagnetic field to produce ions by knocking off 
an electron, or at least excite the atom to produce light. Therefore 
these plasmas make excellent light sources as most of the energy is used 
to produce light rather than heat. An example is the fluorescent tube. 
With high pressure plasmas, the mean free path is much smaller and 
there are many times more collisions per atom per second. There are 
enough collisions to distribute the kinetic energy uniformly among the 
electrons, atoms and ions. In a high pressure plasma the atoms are 
therefore not only excited and ionised, but the kinetic energy they 
possess means that the gas is hot. This is the fundamental difference 
between high and low pressure plasmas: in the latter the gas temperature 
is low because of insufficient collisions to distribute the kinet~c energy 
of the electrons. In the DC arc the electrons gain their energy by 
acceleration in the electric field between the electrodes: in the 
inductively-coupled plasma sources discussed herein the electrons gain 
their energy from the high-frequency magnetic field produced by a work-
coil energised by a high-frequency power generator. 
·-
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In a system ~ thermodynamic equil~brium, the distribution of 
the kinetic energies of the particles is given by Maxwell's law, the 
distribution of the populat~ons of the different excited states of the 
atoms is given by Boltzmann 1s law, the ionisation equil~brium by Saha's 
law and the energy distribution of the radiation by Planck 1 s law: the 
same value of temperature occurs in all these equations. Complete 
thermodynamic equilibrium 1 never occurs in any observable system but 
the conditions of local thermodynamic equilibrium, LTE, sometimes do. 
In LTE, Maxwell 1s, Boltzma.nn's and Saha's laws apply to small volumes 
with the same value of temperature T, but Planck's law is no longer 
valid. In a further relaxation of conditions it is found that fairly 
close to LTE, Maxwell's, Boltzmann's and Saha 1s laws st~ll apply, but 
with different values ofT : Maxwell 1s law applies to the atoms and 
heavy ions with a particular value of temperature, the gas or kinetic 
temperature, Tg, and to the electrons with another value, the electron 
temperature, Te. The populations of excited levels of different 
atoms are described by Boltzma.nn 1s law with different values of 
excitation temperature, T • 
ex 
For sensitivity in spectrochemical 
analysis a high excitation temperature is required while for freedom 
from chemical interferences a high kinetic temperature is needed. 
The kinetic temperature is always lower than the exc~tation and electron 
temperatures unless the system is in LTE when, by definition, they are 
identical. The principal advantage of using a source in LTE is that 
such a source would be expected to have a high kinetic temperature and 
hence a relative freedom from chemical interferences. In small plasmas 
1. J. Richter in "Plasma Diagnostics" W. Lochte-Holtgreven, Ed~tor, 
p.45, North Holland Publishing Cc., 1968. 
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such as those used in the laboratory for spectroscopic sources LTE 
occurs at high (usually atmospheric) pressure, since then the collision 
rate is high enough to ensure adequate transfer of energy from the 
electrons to the heavier particles. In low-pressure plasmas 
collisions between electrons and atoms are rare, so that the electron 
temperature is higher than the gas temperature. 
All the sources reviewed here have certain features in common. 
The energy is derived from a high-frequency power oscillator operating 
at a frequency typically in the range 5 - 50 MEZ and with power outputs 
which can range from a few hundred watts to 15 kW. A work-coil, which 
usually has two or three turns, but occasionally more, surrounds a quartz 
tube through which flows a stream of gas. When the work-coil is 
powered by the oscillator, a strong magnetic field is set up in the 
tube and any free electrons in the gas absorb energy from the field. 
Electrons may be produced by the use of a Tesla coil, or by introducing 
an isolated conductor which when heated by the field, e~ts electrons. 
These electrons absorb sufficient energy to produce further electrons 
by impact ionisation of the gas and a self-sustaining brill~ant discharge 
is set up. 
The osc~llator and its output circuit may contam only one tuned 
circuit; in this case a change in the impedance of the plasma alters 
the frequency of operation but it can be shown both theoretically and 
practically to have very little effect on the power transferred to the 
plasma2• Alternatively, there may be more than one tuned circuit3. 
2. S. Greenfield, I. Ll. Jones, H. MOD. MCGeachin and P. B. Smith 
Analytica Chimica Acta, (1975) 74, 231. 
3. U.K. Pat. No. 1 ,109,602, Fig. 2, 1968._ 
• 
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or there may be a tuned output circuit with a crystal-controlled 
oscillator4• When the frequency of oscillation is controlled by a 
crystal a change in plasma impedance can only result in a variation 
of power. A similar effect occurs when there are two tuned circuits 
unless they are very tightly coupled, i.e. the coefficient of coupling 
approaches unity. 
Argon is the most commonly used gas for plasma generation. A 
monatomic gas requires less power than a diatomic gas since no dissociation 
is necessary to achieve a plasma state. Many designs of torch in which 
the plasma is produced use two or three independently controlled gas 
streams and diatomic gases are sometimes used in one stream. Helium has 
been used occasionally but because of ~ts high ionisation potential it is 
difficult to form a stable discharge ~helium unless a high power, 
high frequency generator is available. 
An important reason for the use of more than one gas stream is the 
control of the shape of the plasma, which is of importance both for 
sensitivity and stability. If one gas stream ~s used so that the sample 
aerosol is mixed with the working gas in which the plasma is formed, 
emission from the sample atoms occurs throughout the whole volume of 
the discharge, which is a prolate spheroid. The large volume in which 
the sample atoms are excited causes the emission from the sample atoms 
per unit area of surface to be low and results in low sensitivity. 
A further factor against the use of a single stream is that the presence 
of sample atoms in the discharge causes changes in its electrical 
properties, which results in changes in the power dissipated in and 
hence the stability of the plasma. 
4. F. E. Terma.n "Radio Engineering" MoGraw Hill, New York, 1954. 
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The introduction of a second stream (called the coolant) flowing 
tangentially round the plasma gas stream modifies the shape of the 
spherOidal d~scharge, flattening its base. This makes it easier for 
a third stream, conta~ing the sample aerosol, to be ~jected up the 
axis of the plasma, whose shape is changed to an annulus. The 
difficulty of injecting an aerosol into a spheroidal plasma is 
well-known and has been explained in terms of magnetohydrodynamic (M.H.D.) 
Measurements of the radial distr~bution of the magnet~o field 
in the plasma, by means of magnetic probes, have shown it to be at its 
greatest near the tube walls falling to a low value in the centre. 
Similarly the magnetic pressure (which is the force exerted on 
electrically charged particles by the magnetic field) exhibits this 
• drop towards the centre. This drop from the boundaries to the axis 
will lead to an inward radial flow of plasma by "magnetic pumping". 
This will build up the kinetic pressure at the axis and cause an axial 
flow of plasma to both ends from where it will return to the outer 
boundar~es. In this way vortex ringa w~ll be formed superimposed on 
the main axial flow and the thermal expans~on of the gas, as is shown 
~Fig. 1. The use of a coolant makes the injection easier. 
5. J. D. Chase, J. Appl. Phys., 1969, 40, 318. 
mhd 
ttwust 
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rr--plasma 
torch Inlet 
Fig. 1. Showing how the M.H.D'. thrust has 
to be overcome in order to form an 
annular plasma. 
In principle the value of the discharge frequency should influence 
the ease with which an annular plasma is formed. In high-frequency 
1/ induction heating of a conductor, the magnetic field falls to a value e 
of that at the surface in a distance known as the skin depth, and most 
of the power absorbed by the conductor is dissipated in this outer layer6• 
The skin depth is inversely proportional to the square root of the 
frequency, so that the higher the frequency, the more power is dissipated 
in the outer layer and the formation of a central cooler tunnel becomes 
easier. In practice, however, some workers have found that the design 
of the torch and the gas flows are of greater ~portance than frequency 
in achieving an annular plasma. 
6. P. G. Simpson "Induction Heating" McGraw Hill, New York, 1960. 
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The shape possessed by an annular plasma confers several advantages. 
The sample atoms are confined to the central tunnel. :Because of the 
skin effect most of the power is dissipated in the outer layers, whose 
electrical conductivity is unaltered by the presence of the sample atoms 
in the tunnel. The power dissipated in the plasma ~s therefore 
substantially independent of the nature and concentration of the sample 
which leads to improved stability. The tail-flame, as the gas stream 
emerging from a plasma is known, is short, w~de and diffuse from a 
spheroidal plasma; in contrast that from an annular plasma is long, 
narrow and sharply bounded. The emiss~on per unit surface area is 
therefore high and sensitivity, signal to concentration ratio, is good 
when the tail-flame is used as the spectPOscop~c source. The ta~l-
flame is heated by radiation and conduct~on from the fire-ball. 
Since the tail-flame, unl~e the plasma fire-ball, emits very little 
continuum radiation, the background is low and the signal to noise 
ratios are high. 
Since the tunnel of an annular plasma is cooler than the 
surrounding d~scharge some of the advantages of a high temperature in 
breaking up refractory species and so reducing or eliminating chemical 
interferences may be lost. In practice, however, it is found that if 
readily attainable powers are employed, the temperature in the tunnel 
is sufficient to overcome, for example, the formation of a refractory 
compound between calcium and phosphorus, which results in a diminution 
of calcium signal7. 
7. S. Greenfield, I. Ll. Jones and C. T. :Berry, Analyst., (1964) 
89, 713. 
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1.2 Histor~cal Development of High-Frequency Inductively Coupled Plasma 
In any study of inductively coupled plasmas the first papers of 
interest are those of Babat, who in 1942 published the results of his 
8 
researches into the propert~es of electrodeless d~scharges This 
work became more w~dely known from a later paper9 , which describes and 
distinguishes between capacitive electrodeless discharges excited by the 
electric field, and eddy electrodeless discharges excited by the 
alternating magnetic field. The first type, ~ which the elementary 
conductance currents are not closed and are continued by dielectric currents, 
(i.e. currents which appear to flow through capacitors) were termed 
"E discharges" : the second type with elementary conductance currents in 
the form of closed curves were termed "H discharges", It was stated 
that tms distinchon was meaningful only ~f the wave-length of the 
exciting oscillations exceeded the dimension of the cell conta~ the 
plasma. Babat also noted that the higher the frequency of the generator 
the lower is the current and power consumption required to form a stable 
plasma and that the tighter the coupling between the mductor and the 
"gaseous turn" then again the lower the current and power consumption 
for stability. 
10 This work was followed up by Reed who described an inductively 
coupled plasma torch (I.C.P~) operating at atmospheric pressure on argon 
gas and argon mixtures, powered by a 10 kW high frequency 4 MHz power supply. 
8, G. I. Babat, Ventn. Elektroprom., 1942, No.2,1; No.3.2. 
9. Idem, J. Inst. Elec. Engrs. (London), 1947, 94. 
10. T. B. Reed, J. Appl. Phys., 1961, 32, 821. 
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The torch oons~sted of a quartz tube with a brass base havLng one 
tangential gas entry, placed within the work coil of the generator 
(Fig. 2). The torch is pointed downwards because it was used for 
crystal growing. 
Fig. 2. Early Torah of Reed. Ref. 10. 
A pilot plasma was formed by the temporary insertion of a carbon rod 
into the torch thus producing thermal electrons by heating the carbon 
in the alternat1ng magnetic field. These electrons provided the initial 
ionisation of the argon gas enabling coupling to occur between coil and 
gas, and a plasma to be formed. Reed considered that a tangential gas 
entry was necessary, in order to create a vortex in the gas stream which 
would cause some of the plasma to flow counter-current to the stream, and 
so maintain the plasma. It was found that equally stable plasmas were 
produced by cylindrical or flat so-called pancake coils, but with the 
latter system greater emission was obtained. The plasma was operated 
in argon, and argon mixtures containing 20% air, helium, or hydrogen, 
or 50% oxygen and was found to be in LTE. 
- 11 -
11 Later in the same year Reed described a torch with three 
concentric quartz tubes with a c&ntre powder feed for use in crystal 
growing (Fig. 3). 
Fig. 3. 
T 
r 
1 
aoooo· 
RF COIL 
00000 
1--•f'U,SMA FLAME 
H-·I'Q'.IfOER STREAM 
Torch used by Reed for Crystal 
Growing. Ref. 11. 
Each tube had an independent gas flow : the outermost flow was at high 
velocity, to recirculate the plasma and to keep the hot discharge away 
from the outer quartz tube; the plasma was formed in the intermediate 
gas flow at low velocity; the powder was ca=ied in the innermost, high-
velocity, flow. More heat transfer to the powder being volatilised 
was obtained when m1Xtures with diatomic gases and helium were used. 
The main physical properties of these plasmas were described and their 
12 possible application as spectral sources for solid samples suggested • 
11. T. B. Reed, J. Appl. Phys. 1961, 32, 821. 
12. T. B. Reed, International Science and Technology, June 1962, 42. 
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Only brief ment~on in these papers and in a subsequent patent13 
was made to an annular plasma, formed at a frequency of 100 MHz, with 
the implicat~on that this shape was undesirable. Although it was claimed 
possible to inject solid particles ~to the solid plasma used, it would 
seem most likely that almost all the material went round the outside of 
the plasma, forming a broad tail-flame. 
A patent application was made in 1963 (issued later as U.K. 14 
and U.S. 15 patents) by the present author and his colleagues for a torch 
adapted for use as a spectroscopic source. This device consisted of 
three concentric tubes, (Fig. 4). The two outer quartz tubes were used 
to contain the plasma and the inner tube of boros~licate glass was used 
to inject an aerosol through the plasma, once it had been formed. 
13. 
14. 
15. 
A=- Plasma~a.-gon tangenti~:d-lnTet -
8 =- Coolant-argon tangential anlet 
A 
B 
1-+l----C 
C =z Pyrex-glass aerosol InJector 
Fig. 4. Early Torch of Greenfield. 
Ref. 7. 
u.s. Pat. 3,324,334, 1967. 
U.K. Pat. 1,109,602, 1968. 
u.s. Pat. 3,467,471, 1969. 
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The torch was concentric with the work-coil of the generator, which ~ the 
initial studies was a 2.5 kW, 36 MHz generator. Argon gas was fed 
tangentially into the inner quartz tube (A) the H.F. field applied by 
the work coil and 
a graphite rod as 
a pilot plasma produced by a Tesla coil or by use of 
10 described by Reed • Once the plasma formed, argon 
gas was introduced tangentially ~to the outer tube (E) to stab~lise 
the plasma and keep it away from the walls of the cell. A hole was 
then punched through the flattened base of the plasma by the ~traduction, 
through the injector (c) of a sample-containing aerosol in argon gas. 
The aerosol entered the torch, passed through a tunnel of plasma, and 
the long narrow tail-flame which resulted was used as the spectroscopic 
source. Although used initially with the tail-flame pointing downwards 
it was later inverted and used with the tail-flame issuing upwards. 
The use of this device was described in 1964~i this is the 
earliest reference to the application of such a cell w~th an annular 
plasma and the utilization of the emission from the tail-flame, remote 
from the intense and continuous emission from the plasma. The merits 
of this torch stem from the annular shape of the plasma which, as 
mentioned in section 1.1, gives excellent stability and sensitivity. 
Orders of magn~tude for unoptimised detection limits ~dicated that the 
source was capable of high sensitivity. Further it was also established 
that the source exhibited freedom from matrix effects; for example, the 
well known interference of phosphorus and aluminium on the emission of 
calcium found in normal flames, was completely eliminated. The 
introduct~on of gases, vapours, aerosols, liquids, powdered solids and 
slurries were all shown to be possible. 
In 1965 Wendt and Fasse116 described an ~ductively coupled plasma 
torch (I.C.P.) (Fig. 5) with laminar flow for which was claimed 
16. R. H. Wendt and V. A. Fassel, Anal. Chem., 1965, 37, 920. 
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the advantages of less turbulance and greater stability than was 
obtained with vortex flow. 'l'hJ.s device was used with a 3.4 MHz, 5 kW 
generator. 
GAS 
HEAD 
OISCHARGE 
Torch of Wendt and Fassel. Ref. 16. 
It was stated that whereas tangential entry of the gases tended to cause 
sample particles to be thrown onto the walls of the cell, because of the 
vortex formed in the gas stream, laminar flow did not. This effect is 
understandable for the solid type of plasma which they studied, where 
the sample aerosol flows round the outside of the plasma. In this 
study the emission was viewed through the quartz tube, from a part of 
the plasma not in contact with the atmosphere and it was suggested that 
• this reduced the N ~ radiation. The detection limits quoted were very low. 
- 15 -
In view of the solid type of plasma employed it is probable that their 
use of an ultrasonic nebuliser contributed greatly to achieving such 
low detection limits. 
The present author and eo-workers at that time17 described the 
effect of different gases, gas-flows and generator power on the emission 
observed with their system with annular plasma. It was found that the 
intensity decreased with the injector gas lll the order Ar > N2 > Air > 02 • 
Oxygen, if used, had the advantage of removing C-C bands. The intensity 
decreased as the plasma gas was changed in the order Ar/N2 > 0.,/Ar > He> Ar. 
It was also noted that only a limited quantity of a diatomic gas, which 
requires to be dissociated, could be used with the power then available 
(2:5 kW) and it was concluded that a bigger generator was desirable, to 
enable a plasma to be run on n~trogen. High speed cine films of the 
plasma demonstrated that, in the absence of smoothing in the rectification 
circuit, the plasma was extinguished in every half cycle of the mams 
frequency. This effect was potentially helpful in that it was used 
instead of a chopper to allow a.c. amplification of the photo-transistor 
signals in a simple filter photometer. It was suggested that several 
of these simple monitors could be grouped around a plasma to allow the 
simultaneous non-dispersive determination of a number of elements. A 
further suggestion was that a stroboscope could be used to select one 
stage in the growth of the plasma and hence possibly select a particular 
source temperature. 
18 Later, in 1965, the present author et al published preliminary 
studies made with a larger generator (6.0 MHz, 25 kW) using a similar 
17. S. Greenfield, I. Ll. Jones, C. T. Berry and L. G. Bunch, 
Proc., Soc., Anal. Chem., 1965, 2, 111. 
18. S. Greenfield, C. T. Berry and L. G. Bunch, Spectroscopy with a 
High Frequency Plasma Torch, Radyne Publication, 1965. 
- 16 -
cell and plasma configuration to that prev1ously described. It was 
observed that the spectra changed from those expected from a flame to 
those normally obtainable from a spark as the power in the plasma, 
measured by a calorimetric method19, was increased up to 6.4 kW. 
The detection limits obtained for a number of elements were one or two 
orders of magnitude better than thos.e obtained with a D.C. arc and 
Hilger & Watts Large Quartz Spectrograph. A variation in sens1tivity 
with observation height in the tail-flame was noted. Analyses of 
industrial materials were reported for the first time; these were the 
determ1nation of aluminium in a phosphate rock using a 3 kW, 36 MHZ 
generator and an Optica CF4N1 spectrophotometer and the determination of 
phosphorus in phosphate rock using a 25 kW, 6 MHZ generator and a Hilger 
& Watts Large Quartz spectrograph. Coefficients of variation (c.o.v.) 
of 596, for aluminium at a level of 0.9% w/w, and 2. 75%, for phosphorus at a 
level of 15% w/w were obtained. 
20 Dunken and Pfo= used a three tube torch with a t-2 kW, 40 MHZ 
generator and an ultrasonic nebuliser. Liquids and sol1ds were introduced 
into the plasma in an argon stream but the shape of the plasma was not 
described. Both atomic and ionic lines of the introduced elements were 
foumd in the spectrum and each showed very good signal to background rat1os. 
The only spectra observed without a sample were atomic argon l1nes, one 
OH band and four CN bands. 
The torch described by Britske et a121 consisted of a single tube 
with branch pieces with quartz windows, powered by a 4 kW, 40 MHz generator. 
19. British Standard Specification, B.S. 1799 : 1952. 
20. H. Dunken and G. Pfo=, Z. Chem., 1966, 6, 278. 
21. M. E. Britske, V. M. Borisov and Yu. S. Sukach, Zavodsk. Lab., 
1967' 33, 252. 
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~s torch had the disadvantage of fixed viewing positions and therefore 
optimisation of viewing position is not possible. As shown in Fig. 6. 
1) Torch body. 
2) Work Coil. 
3) Quartz Windows. 
4) Nebuliser. 
5) Spray Chamber. 
Fig. 6. Torch of Britske. Ref. 21. 
The plasma was described as a long 'filament' (15 cm) surrounded by a weak 
glow; when the power was reduced the filament d~sappears and the glow 
filled the tube uniformly. Only readily excited lines were observed 
in the glow, w~le lines corresponding to high excitation energies were 
observable in the 'filament•. This discharge differs markedly from most 
I.C.P. and was later22 compared with capacitive discharge. The 
stability of emission intensity was reported to be 1-2%, but the 
analytical sensitivity was low. 
22. M. E. Britske and Yu. S. Sukach ~ Primen, Plazmatrona Spektrosk., 
Mater. Vses. Simp. 1968. Zh. Zheenbaev- Ed., p.96, "Ilim" Frunze 
USSR, 1970. 
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An ultrasonic nebuliser w1th a facility for rapid and easy sample 
changing was used in conjunction w1th a 2.5 kW, 36 MHz generator and 
plasma torch of three tube design, by Hoare and Mostyn23. The sample 
vessel incorporated several cells which could be rotated in turn to 
connect automatically w1th the sample injection gas flow and to locate 
automatically in the focus sed ultrasonic beam. Shown in Fig. 7. 
Fig. 7. Ultrasonic Nebuliser. Ref. 23. 
There was no interruption of the plasma discharge during sample 
changeover and a mghly reproducible sample flow rate was claimed. 
A powder injection system was also described ; the injector gas flow 
23. H. C. Hoare and R. A. Mostyn, Anal. Chem. 1967, 39, 1153. 
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was capable of carrying solid material from a vibrated container to 
the plasma, Fig. a, The powder system whilst very effect~ve for 
qualitative work did not give quantitative results. 
Fig. a. 
JI+-!!H--CAPIUAII:Y TUII! 
Sll1C4 
TORCH 
-
SCREW 
CAP-
COOLING 
-ARGON 
PLASMA 
-ARGON 
RUIISU: 
SEAL 
SAMPll!~------;~~~ POWDER 
o } AGITATOR 
Powder Injection System. Ref. 23. 
Freedom from matrix effects were reported for both solid and solution 
samples. Boron and zino in nickel alloys were determined after suitable 
lr 
disolution. It was claimed that cutt~ the top of the quartz discharge 
tube at an angle of 45° (to improve the view of part of the plasma) 
also led to improved stability in the plasma flame. 
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An early practical application was by Pforr 24 using a previously 
described torch 19, FJ.g. 9 • 
1) Coolant Gas. 
2) Plasma Gas. 
3) Aerosol Injection. 
Fig. 9. Torch used by Dunken and Pforr. Ref. 20. 
He found that the stability of the emission depended on the gas flows 
and that it was not possible to vary these completely independently J.f 
stability was to be maintained. In particular the carrier gas flow had 
to be kept small. This compromised the efficiency of nebulisation so 
that a system was devised using a high flow of carrier gas in the 
nebuliser and subsequently diverting part of it from the torch. The 
application was to the analysis of oil and a motor driven syringe was 
used to supply the sample to the nebuliser, thereby reducing the 
effects of the viscosity of the sample. Aluminium, iron and nickel 
were determined. From the diagram (Fig. 9) it appears that the plasma 
was not annular in shape. 
24. G. Pforr, 9th International Symposium, Leipzig, 
Lubricants, Lubrication and BearJ.ng Techniques, 1967. 
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A two tube torch was used by Mer.met and Rob~2 5 Fig. 10 who 
demonstrated that greater sensitivity was obtained when an aerosol was 
injected into the plasma by means of an injector, rather than when fed 
into the plasma gas stream. The injector was water cooled. 
Fig. 10. 
Water 
0 
0 0 0 
' Aerosol 
Torch of Mer.met and Robin. Ref. 25. 
At low injector gas velocities, the aerosol was entrained on the periphery 
of the plasma, whilst at higher velocities it penetrated the discharge to 
give a darker zone at the centre apparently formang an annular plasma. 
This can be explained in ter.ms of difficulty of injection into a plasma 
which has been already mentioned and discussed in terms of M.H.D. thrust. 
It was noted that the amount of aerosol influenced the electrical 
properties of the plasma so that the power dissipated ~ it was 
dependent on the rate of generation of aerosol. This effect would not 
be expected if the aerosol passed through a tunnel in an annular plasma. 
25. J. M. Mer.met and J. Robin; Proc. Cello~. Spectrosc. Int. 14th., 
1967, 2, 715. 
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The present author considers that there are two factors which might 
explain this apparent anomaly. ~irstly the frequency used (1.6 MHz) 
is unusually low so that the skin depth is relatively large and hence 
the tunnel therefore may not be electrically screened. The second 
factor is that at an injector-gas flow rate of less than 0.8 .t/min., 
all the aerosol flowed round the outside of the plasma, at 1.0 L/min. 
the dependence of power on aerosol uptake was very marked but at 
1.5 L/min. it was much less so. It is thus suggested herein that at 
these particular injector-gas flow rates, only part of the aerosol 
traverses the tunnel and the rest flows round the outside, and that 
still higher injector-gas flow rate is required to ensure that all the 
aerosol traverses the tunnel. 
26 Veillon and Margoshes were the first to report matrix effects 
using a plasma torch. 
was used, Fig. 11. 
16 A two tube torch similar to that of Fassel 
The central injector was omitted which it was 
claimed, did not affect the perfo~ce of the torch. The advantages 
of an annular plasma were not appxeciated and it now seems likely that 
the explanation of the apparent matrix effects was that the electrical 
propert~es of the discharge were modified by the sample aerosol flowing 
round it, thereby altering the power dissipated and hence the temperature. 
In addition it is probable that the temperat~e encountered in the 
external path was insufficient to dissociate refractory species. 
26. C. Veillon and M. Margoshes, Spectrochim, Acta, 1968, 23E, 503. 
Fig. 11. 
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Torch of Veillon and Margoshes. Ref. 26. 
An account of the ultrasonic nebulisation of mol ten metal into 
a previously described torch16 , Fig. 12, was given by Fassel and 
Dickinson27 but with a variable frequency generator, operating at 
30 MHZ, 2.5 kW nominal. Arsenic and copper in tin-base solders 
were determined. 
27. V. A. Fassel· and G. W. Dickinson, Anal. Chem., 1968, 40, 247. 
Fig. 12. 
c;As 
' HEAD 
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ULTRASO~IC 
PROBE 
Ultrasonic Nebuliser, for Li~d Metal, and 
High Frequency Torch of Fassel, Ref. 27. 
In 1969 Dickinson and Fasse128 gave an account of their continuing 
investigations into the analytical applications of plasma torches. At 
this stage they had recognised the importance of an annular plasma 7' 14• 15 
and suggested that increasing the frequency of the generator used should 
produce an annular plasma because of the skin depth effect. It was 
also suggested that the introduction of material into a plasma produces 
a mismatch between the plasma and generator, thus decreasing the amount 
of power transferred to the plasma. The use of a coupling unit was 
28. G. W. Dickinson and V. A. Fassel, Anal. Chem. 1969, 41, 1021. 
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advocated; the use of this dev~ce enabled the introduction of three 
times as much material as was previously possible through the plasma. 
The matrix effects reported by Ve~llon and Margoshes were ascribed to 
the experimental conditions used by these workers. More detailed 
comments were recently made29 and the work of the present author et a16 
on freedom from matrix effects confirmed. 
An innovation was made by Klemmann and Svoboda30 using a low 
power (120 - 220 W) generator at 40 MHz and a single-tube torch, Fig. 13 
with separate vaporisation of the sample. Later it was demonstrated31 
that this low power plasma, electron density 4 x 1014 cm-3 was not in 
local thermodynamic equilibr~um, the electron temperature (11,400 K) 
being much higher than the gas temperature (about 2,200 K). 
29. G. F. Larson, V. A. Fassel, R. H. Scott and R. N. Knisely, 
Ibid., 1975. 47. 328. 
30. I. Kleinmann and V. Svoboda, Ibid., 1969, 41, 1021. 
31. I Kleinmann and J. Cajko, Spectrochim. Acta., 1970, 25B, 657. 
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Fig. 13. Plasma Torch with separate Vaporisat~on 
of Sample. Kleinmann & Svoboda, Ref. 30. 
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Truitt and Robinson32• 33, described the ~traduction of organic 
material into a torch similar to that of Wendt and Fassel 16 but with 
a much longer outer tube, Fig. 14 under a number of plasma conditions. 
After-flame~ 
Tall-flame 
Secondary 
regron 
COOlant tube (quartz) 
....-- 24mm outer d1am 
Plasma tube (quartz) 
18 mm outer-dram 
141--Center tube {glass) 
8 mm outer dram 
+-Gas heed 
- Coorant stream 
stream 
~ Center stream 
Fig. 14. Torch of Truitt and Robinson. Ref. 32, 33. 
32. D. Truitt and J. W. Robinson, Anal. Chim. Acta. 1970, 49, 401. 
33. Idem. ibid., 1970, 51, 61. 
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It was claimed that the torch gave a lower continuum and greater freedom 
from spectral band structure than that of the present author et a17• 
This was later disputed on the basis of experimental spectra recorded 
using various length torches34. It was suggested that the results 
described by Truitt and Robinson32• 33, were probably pecul~ar to the 
equipment used; the plasma did not appear to be annular and ~t was 
reported that the wall of the torch melted if power above 1.7 kW were 
used, probably as a consequence of its length. In the earlier pape~2 , 
OR bands at 3064 and 2800A, Balmer series H lines, N+, NO, N•+ were 
found in the spectra. In the later paper, follow~ the introduction 
of typical hydrocarbons, four molecular fragments C, H, c. and CN were 
found in the spectra; the point of introduction of the sample made 
no d~ference to the emission. The addit~on of nitrogen increased 
the CN and decreased the C intensity, oxygen dimin~shed CN and c, 
intensities because of oxidation to CO or C02 • However, when CO or 
C0 2 was added their emission bands were not observed. As well as the 
expected increase in emission from atomic C and Ar, the intensities of the 
CN and C2 band system also increased with power; this is unusual since 
increased power usually causes increased dissociation of molecular species. 
Pforr and Aribot35 studied the introduction of solids and viscous 
liquids to a plasma torch. Rods of metallic materials were unsuitable 
samples to introduce directly into the plasma because of their high 
thermal conductivity, but rods of glass and quartz could be used as 
samples for the determination of major components, but much greater 
sensitivity was obtained by blowing powdered samples into the plasma. 
Calcium, magnesium, titanium, iron and aluminium were determined in 
quartz powders at concentrations of a few parts per million. 
34. S. Greenfield and P. B. Smith, Anal. Chim. Acta. 1971, 57, 209. 
35. G. Pforr and 0. Aribot, Z. Chem. 1970, 10, 78. 
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Berms et al36 compared 2J/ I. C. P. with flame emission. Despite 
difficulty in operating the~r I.C.P. due to lack of stability, they 
reported detection l~ts for a number of elements of 0.01 to 1 ppm; they 
found the analytical curves were linear over three orders of magnitude, that 
1 ,000 ppm of aluminium, sodium and phosphate did not mutually mterfere 
and that a 1,000 fold excess of calcium gave enhancement for some elements. 
A table of spectra observed with a plasma torch operating w~th 
nitrogen, argon and oxygen coolant gases was given in a review37 with 
the relative exposure times to give comparable background in parts of the 
spectrum free from banding for the different coolant gases these were 
nitrogen 60 secs., oxygen 30 secs. and argon 7.5 secs. Under favourable 
conditions C.O.V. of the order of 0.3% are obtainable. 
A demountable, laminar flow torch using nitrogen as coolant was 
described by Dagnall et al38 , Fig. 15 for use in experiments with the 
injection of powders into annular plasmas. 
36. A. G. J. Berms, G. R. Kornblum and L. DeGalan, Prcc. Third Int. 
Congr. At. Absorption. At. Fluorescence Spectrom. Paris 1971, 
Vol. 1, p.53, Hilger, London, 1973. 
37. S. Greenfield, Metron, 1971, 3, 224. 
38. R. M. Dagnall, D. J. Smith, T. S. West and S. Greenfield, 
Anal. Chim. Acta. 1971, 54, 397. 
a.. 
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b. 
RADIAL 
INLET 
A"4~~'-?m, D TANGENTIAL 
B · \ '.: INLET 
./'"' ·~-
c ·~"" 
E 
0.. ~ . Demountable plasma torch (A) Outer s1hc.t tllbe (B) mner sthca tube, (C) lockmg cap, (D) spaccr 
nng, (E) rubber "0 .. nng, (F) coolant gas mlet, (G) upper body (H) plasma gas mlet, (I) lower body 
wtth Bl4 socket 
'}, :--: Rad1al and tangential mjectlon or plasma and coohng gases (A) Inner s1hca tube, (B) outer sdJca 
tube. (C) torch body, (D) plasma gas 1nlet, (E) eool3nt gas Inlet 
Fig. 15. Demountable Plasma Torch. Ref. 38. 
It was reported that only one d~rection of winding of the work 
coil, the opposite to that of the gas vortex, would allow of coupling 
with the H.F. field. 
Kleinmann and Polej39 reviewed capacitively coupled and inductively 
coupled high frequency plasma torches and microwave torches, from the 
point of view of the requirements of a source and the type of discharge 
obtained. In commenting on tangential and laminar flow systems they, 
like earlier workers16 , overlooked the fact that particles would not be 
thrown onto the torch walls by vortex flow, if they are fed through the 
centre of an annular plasma. 
39. I. Kleinmann and B. Polej, Chem. Listy, 1971, 65, 1. 
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Triche et a140 introduced powders into a single-tube torch, Fig.16. 
Results were not quantitative and difficulty was experienced in penetrating 
the solid plasma. An attempt was made to relate the pos~tion of maximum 
emission to the ionization potential of the element under examination, but 
it was necessary to take into account the excitation potentials as well. 
Later the effect on the emission of varying the quant~ty of liquid sample 
aspirated was examined41• 
Silica 
Disc 
Powder 
Distribution. 
Fig. 16. Torch of Triche. Ref. 40, 41. 
40. H. Triche, A. Saadate and J. Besombes-Vailhe Methodes 
Physiques D1Analyse, 1972, 8, 26. 
41. H. Triche, A. Saadate, B. Talayrach and J. Besombes-Vailhe. 
Anulusis, 1972, 1, 413. 
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A 6.6 kW, 5.4 MHz generator w~th a three-tube torch and a water-
cooled metal injector Fig. 17 was used by Souilliart and Robin42 to 
dete:rmllle rare earths in an iron matrix. Having been troubled by 
changes in resistivity of their plasma when an aerosol was introduced 
they employed an infrared desolvation fur.nace followed by a condenser 
to remove water from their ultrasonically generated aerosol. The 
present author would expect such changes in resistivity unless an 
annular plasma is used. 
Induction Coil 
Silica Tube 
Silica Tube 
InJector (Metal, Water Cooled) 
Brass Rings 
Ar 
Argon + Aerosol 
Fig. 17. Torch of Souilliart. Ref. 42. 
42. J. C. Souilliart and J. P. Robin, Analusis, 1972, 1, 413. 
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I.C.P. was further The extreme sensitivity and versatility of the 
demonstrated by the present author and S~th43, when it was shown that 
determinations at the ppm level could be carried out on ~ere-litre 
quantities of sample. Limits of detection for barium, 1.7 x 10-10 g, 
and aluminium, 1.1 x 10-9 g were obtained with precisions between 3- 5";6 
relative. Examples were given of appl~cations to the determinat~on of 
trace elements in oil, organic compounds and blood. 
Boumans and de Boer44 compared an I.C.P •. Fig. 18 with a n~trous 
oxide - acetylene flame and gave detection limits for an argon plasma. 
Fig. 18. 
Coolant and 
stobrhsot10 
gas 
n 
Plasma 
gas 
_ .
51] .-. [g-1 
2 
3 
4 
~ i=r1 
-e-s 
c- 7 
L__ I--
,. 
Camer gas wrt h 
aerosol 
Plasma tube assembly (schematic). 
1. Two-turn, water-cooled induction coil; 
2. Coolant tube; 3. Plasma tube; 
4. Aerosol tube; 5. Quartz collar; 
6. Plexiglass base; 7. Cantering screws; 
8. Bottom of plasma torch chamber. Ref. 44. 
43. S. Greenfield and P. B. Smith, Anal. Chim. Acta. 1972, 59, 341. 
44. P. W. J. M. Boumans and F. J. de Boer, Spectrochim. Acta., 
1972, 27B, 391. 
- .34 -
The stability of the plasma with this system was found to be comparable 
with that of the flame. It was stated that the lowest detection l~t 
was not always associated with the operating cond~tions that gave the 
highest line-to-background ratio. For certain elements it was found 
that both line-to-background ratio and the noise level decreased when 
the observation zone was lower in the tail-flame. Since a decrease in 
line-to-background ratio and a decrease in noise level have opposite effects 
on the detection limit it is consistent that observed detection l~t of the 
elements considered did not vary markedly with the location of the 
observation zone. Limits of detection were defined by representing the 
analytical curve in the vicinity of the detection limit as a straight 
line. 
The application of plasma torches to non-metals (where the best 
lines have short wavelengths which are absorbed by air) has been made by 
using a monochromator with a nitrogen path between it and a plasma 
torch, Fig. 15·. Kirkbright et al45 were able to obtain D. L. for sulphur 
at a wavelength of 2149A of 1.7 ppm and 0.15 ppm respectively. The 
linear range for both extended over five orders of magnitude, to beyond 
1 ,ooo ppm. The analysis of soil extract for phosphorus was reported, 
coefficients of variation were .3-7%. 
45· G. F. Kirkbright, A. F. Ward and T. s. West, Anal. Chim. Acta. 
1972, 62, 241. 
Fig. 19. 
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Instrumental assembly employed. 
(1) Rotating chopper unit. (2) 62.5 mm. 
focal length silica lens. (3) 25 mm. o.d. 
glass tubes. (4) 8 mm o.d. glass side tube 
for nitrogen llllet. (5) 25 mm. diameter 
silica window. (6) Plasma torch and work 
coil. (7) 6.5 mm o.d. copper tube for 
nitrogen inlet to monochromator. 
(8) Photomultiplier. (9) Amplifier. 
(10) Chart recorder. (11) Radiofrequency 
power supply. Ref. 45. 
Fassel46 reviewed what he called "Electrical Flames" and 
concluded that the detection l~ts which could be obtained with the 
I.C.P. were, with few exceptions, comparable with er greatly superior 
to the best which could be obtained w~th flame atomic spectroscopy ~ 
any mode be it atomic absorption, emission or fluorescence. It was 
also confirmed that an annular plasma similar in configurat~on to that 
of Greenfield15, and later his own, was free from the matrix effects 
experienced by Veillon and Margoshes25. 
46. V. A. Fassel, XVI Cell. Spect. Intern. Heidelberg, 1971, 
Plenary Lecture, p.63, Hilger, London, 1972. 
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Extending their previous work45 Kirkbright et al47 determined 
iodine, mercury, arsenic and selen~um, all of which exhib~t emission 
at wavelengths shorter than 200 nm. Spectral interferences from a 
variety of ions were investigated and sometimes found. A chemical 
interference when oxidising agents were present was noted in the 
determination of iodine as was b1ocking of the nebuliser. 
Alder and Mermet48 , using a demountable, Fig. 20, three-tube 
torch and a 6 kW generator observed all the expected Ari l~es but no 
Arii lines. The highest energy-level from which radiation was observed 
was about 15.4 eV. 
Outer tube 
argon mlet 
Silica 
tubes 
A 
8 
Centenng 
screws 
Fig. 20. Two tube plasma torch with central injector. 
Part A is f~ed to part B and B is free to 
move over C. Ref. 48. 
47. G. F. Kirkbright, A. F. Ward and T. S. West, Anal. Chim. Acta. 
1973, 64, 353. 
48. J. F. Alder and J. M. Mermet, Spectrochim. Acta. 1973, 28B, 421. 
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When methane was injected atomic C and H were observed together with 
C2 and CN but no emission from CO or CH (of refs. 32, 33). 
noted in cooler regions of the tail flame but not in the hot regions 
(of ref. 18) indicating decomposition of this molecule. It was 
suggested that since the bond strength of C2 is 6.25 eV and that of 
CH 3.47 eV, the latter may be too unstable to survive. No enhancement 
of zirconium or hafnium emission was found in an argon-methane plasma 
compared with one of pure argon; which implies that reduction of the 
oxides by atomic carbon does not take place and that the temperature 
and enthalpy of the plasma are alone sufficient to break strong oxide 
bonds. Similarly when lanthanum was introduced into an argon plasma 
bands due to lanthanum oxide were not observed. Qualitative studies 
were made on the emission from sulphur, bromine, chlorine and phosphorus. 
Scott et a149 used a three-tube torch which is shown diagramatically 
in Fig. ,21 with vortex stabilisation without a "plasma gas" in what is 
described as a compact system. The aerosol was produced by a pneumatic 
nebuliser and prior desolvation was not used. With an input power of 
1.3 kW one might presume a power in the plasma of between 650 and 900 
watts. Temperatures of 5000 K were reported, 18 mm above the load coil 
and linear calibration curves were obtained over five decade concentrations. 
49. R. H. Scott, V. A. Fassel, R. N. Kniseley and D. E. Nixon, 
Anal. Chem. 1974, 46, 75. 
Fig. 21. 
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Torch and Spray Chamber of Scott. Ref. 49. 
Using a generator and torch similar to those of Boumans and 
de Boer43, Kornblum and de Galan5° measured the axial and radial 
distributions of temperature, electron concentrat~on and element 
concentration. The bore of the tip of the injector tube (6.25 mm) 
50. G. R. Kornblum and L. de Galan, Spectrochim. Acta. 1974, 29B, 249. 
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was much wider than that used by most workers. The plasma was 
operated in a horizontal configuration, Fig. 22 as it was claimed 
this made the experiments easier. The power used was 2 kW : unusually, 
for this power, desolvation was necessary to prevent the plasma being 
extinguished. 
R F Gcncriltor 
Puncher 
L------------, 
I 
I --1 '~'X' i"i, ) I _, 
Fig. 22. Block diagram of the complete apparatus. Insert 
at the top right shows the work coil with the 
centering piece to position the coolant and plasma 
tubes in the centre of the coil. Ref. 49. 
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Dreher and Frank51 describe a demountable torch Fig. 23 operating 
at atmospheric pressure in argon, which was used for emission spectroscopy 
in the vacuum ultraviolet. 
UHP 
Manomete-r 
D•sctlor;e 
tube 
orc~on Rf'Qenerator 
; 
2500v, 300mo 
d-e power supply 
Spectroqroptl 
to vacuum 
pump 
Fig, 23. Diagram of induction-coupled radio-frequency 
discharge source of Drelber and Frank. Ref. 51. 
The source was totally enclosed. The power was very low (250 W) and 
the cell had to be dismantled and cleaned after each exposure, 
Kirkbright and Ward52 attempted to explain some properties of 
inductively coupled plasmas and of flames by examin~g idealised models 
Fig. 2-4. The much greater linear range of the plasma is ascribed to 
higher temperature which causes the overall neutral particle densities 
to be somewhat less because of expansion and ionization, the fraction 
of these in the ground state to be much less because of increased 
excitation, and the Doppler widths to be greater. The higher sensitivity 
is also a consequence of the h~gher temperature. Other deductions made 
were that the maximum energy supplied to the analyte particles for their 
51. G. B. Dreher and C. W. Frank, Appl. Spectry. 1974, 28, 191. 
52. G. F. Kirkbright and A. F. Ward, Talanta, 1974, 21, 1145. 
- 41 -
model was 2.3 J for the plasma and .001 J for a typical flame, was that 
a plasma can handle a concentration range of five or six orders of 
magnitude against three for the flame and that concentrat~on ranges 
for the plasma can be increased by reducing sample uptake rates. Cu, 
Fe, Mg, Mn, Ti and Zn were determined in aluminium alloys with a flame 
and with a plasma; 
(b) 
-o;;,e;,- - - - -
(a) 
VIewing 
, . .,. 
Plasma 
core 
op;,ca,-- Intereona,---
vlewlnQ zone 
, .... 
/ 
'.;==7-CoolonT oas 
/ 
Fig. 24. Diagrammatic representation of ideal plasma 
and flame models (a) plasma (b) flame. 
Ref. 52. 
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non-linear calibration curves were obtained when using a flame without 
dilution, and precisions of the order of 5% were obtained with the plasma 
as against 1 0"~ with a flame. 
date in lecture form53. 
Kirkbright reported this work at a later 
Fassel and Kniseley54 made a re-assessment of emission spectroscopy 
with I.C.P. as against flame-excLted atomic absorption, fluorescence and 
emission spectrcscopy, and concluded that I.C.P. were superior on most 
counts agreeing with Boumans and de Boer44 that the I.C.P. - optical 
emission spectrometer system "const~tutes a most promising excitation 
source for simultaneous multi-element analysis of solutions". 
Such a system had been in everyday use for practical analysis 
in an industrial laboratory for over four years, based on an I.C.P. 
coupled to a 30-channel direct-reading spectrometer with fully automatic 
sequential sampling and read-out2• The torch is shown in Fig. 25. 
Important points in its design were discussed. 
by an off-line computer. 
The data are processed 
53· G. F. Kirkbright, Prcc. Anal. Div. Chem. Soc. 1975, 12, 8. 
54. V. A. Fassel and R. N. Kniseley, Anal, Chem. 1974, 46, 1110A, 1155A. 
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Fig. 25. The Plasma Torch of Greenfield. Ref. 2. 
With this system simultaneous multi-element analysis at both trace and 
assay levels is possible on each exposure. A survey of coiiiillercial 
samples analysed in one three month period shows that a wide variety of 
concentrations of different elements can be determined simultaneously 
from the same solution, and that many elements w~th concentrations in 
the sample of less than 10 ppm can be determined. 
Boumans and de Boer55 made a further assessment of high-frequency 
plasmas for the multi-element analysis of solutions and reported some 
"reconnaissances in the field of appl~cations". These gave rise to 
optimism on the possibility of general analysis of solutions. They made 
comparisons with analysis by the d.c. arc and by ato~c absorption using 
both flames and furnaces; the comparisons favoured the inductively 
coupled plasma source, w~ch was also found to be superior to the 
55. P.W.J.M.Boumans and F.J. de Boer, Proc. Anal. Div. Chem. Soc. 
1975. 12, 140. 
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capacitively coupled microwave source and to the d.c. plasma jet. The 
detection limits which were obtained under compromise conditions on pure 
aqueous solutions of 32 elements were low, typically 0.01 - 1 ng per m1 of 
solution. The effect of a matrix was typically only to double these, 
provided that the matrix concentration in the solution was less than 0.~, 
this upper limit beLng set by the nebulising and desolvating assembly. 
After including a factor to account for possible interferences, which are 
discussed at some length, they predicted typical detection l2mats under 
real conditions to lie in the range 0.1 - 10 ~g per gram of sample. 
. 56 Scott and Kokot applied the inductively-coupled plasma to 
the determination of Cu, Zn, Ni, Co and Pb in soil samples. Comparison 
of the results with those obtained from atomic absorption showed that 
there was good agreement for Cu and Zn but discrepancies for Ni and Co 
which were probably due to enhancement effects in the atomic absorption 
measurements. Discrepancies for Pb were due to spectral interferences 
by Mg and ea. 
Scott and Strasheim57 determined trace quantities of Fe, Mn, Cu, 
Al, :S and Zn in orchard leaves, using one composite synthetic standard 
under compromise conditions. Good or acceptable results were obtained 
for all elements except zinc, where a s~gnificant low bias was found to 
be due to depression of the spectral background because of the presence 
of K and Ca in the samples. It was found that this bias could be 
reduced to a tolerable level by buffering the standard. 
Butler, Kniseley and Fassel5S gave a further assessment of the 
potentialities of the inductively coupled plasma: this application was to 
56. R. H. Scott and M. L. Kokot, Anal. Chim. Acta. 1975, 75, 257. 
57. R. H. Scott and A. Strasheim, Anal. Chim. Acta. 1975, 76, 71. 
58. Constance C. Butler, R. N. Kniseley and V. A. Fassel, 
Anal. Chem. 1975, 47, 825. 
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the analysis of low and high alloy steels. They showed that the presence 
of an iron matrix had little effect on the detection limits of 12 alloying 
elements and that no chemical concentrat~on was necessary to determine 
them at low levels. Since a long linear range in the calibration curves 
was obtained, both major and trace elements could be determined from a 
single dilution level. Results for 5 typical alloying constituents 
showed good agreement with certified values. Coefficients of variation 
of about 1 - 3% were derived from measurements obtained over a period of 
four months. Although the results obtained are pro~sing for the 
analysis of real samples, their claims that the 12 elements can be 
determined at fractional ppm levels without pr~or chemical concentration, 
and that their results on NBS Standard Reference Samples all fall in the 
range reported by NBS, are not supported by the figures quoted. 
A new informal monthly publication, ICP Information Newsletter59 
made its first appearance. The objective of this publication is "to 
encourage the rap~d and impartial distribution of current information 
and opinions related to the inductively coupled plasma discharge source 
for spectrochemical analysis in a single location". 
59. I.C.P. Information Newsletter, Edited R. M. Earnes, Univ. Mass. 1975. 
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1.3 Raison D'Etre 
Although spectroscopists are beginning to recognise that inductively 
coupled plasma torches constitute excitation sources fer emission 
spectroscopy with quite exceptional properties, there is by no means 
universal agreement, by the experts in the field, on such matters as 
equipment, operating parameters and excitation mechanisms. 
One such problem area is the question of the wattage necessary to do 
useful analytical work and the optimum requirement which is discussed in 
Chapter 5. As the power in a plasma is increased so is its temperature. 
According to the Boltzmann equation an increase in temperature results in 
an increase in the pcpulations of the excited atomic levels. Hence it 
can be expected that the emission from a given atomic energy level will 
continue to increase until a stage is reached where further increases in 
temperature will excite more and more atoms to higher energy atomic 
levels and high ionisation states and there will be no further increase 
in emission, with temperature, from the given level. Further increase 
of temperature causes a decrease in emission and the temperature at which 
maximum emission oc=s is the so called "norm temperature". Saha's 
equation60 can be used to plot the variation in particle density of the 
different ionised species with temperature. This is a form of the law 
of mass action and gives the equilibrium K for the reaction A~ A++ e. p 
In a practical form it is written :-
log K = -5040 X/T + 5/2. log T +log z+- log Z- 6.1816 p ......... 
where X is the ionisation energy (in ev) of the neutral atoms and Z and z+ 
the partition functions of the neutral atoms and atomic ions respectively. 
The partition functions are calculated from the statistical weights and 
energy levels. The variation of particle density with temperature 
calculated by means of the Saha. equation is shown for calcium in Fig. 26. 
60. M.N.Saha, Phil Mag. 1920, 40, 472. 
1i 
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Thus one benef~t that can be expected from the use of high powered 
plasmas is an increase in the signal to concentration ratio or 
sensitivity, up to the power which gives the norm temperature. However, 
as the temperature of the plasma increases so will the number of free 
electrons and hence the continuum or background emission so that the 
signal to background ratio and hence the signal to noise ratio may be 
reduced with deleterious effect on the detection limits attainable. 
However, since the emission is normally measured in the tail-flame of 
the plasma, remote from the "fire-ball" itself, this may not in practice 
be an insurmountable problem. 
Any spectrometric analysis system using an inductively coupled 
plasma as an excitation source consists of a number of parts which in any 
comparison of low powered (< 2 kW) and high powered (> 2 kW) plasmas 
must be kept unchanged apart from the source if the comparisons are to 
be meaningful. Only the torches, generators and possibly the gases 
should be changed. The analysis solutions and nebuliser should be the 
same in all cases. Not only will changes in concentration obviously 
affect the signal but matriX changes may alter the uptake rate of the 
nebuliser and may also cause chemical interference. No two apparently 
identical nebulisers give precisely the same result, they differ in 
uptake rate, droplet size and distribution, gas flow and some are 
followed by desolvation. 
Net signal is of no value in comparing different torches on 
different systems and neither are net signal to net background ratios, 
since the entrance and exit slits, dispersion and resolution will vary from 
instrument to instrument and these features will determine the amount of 
background raaiation incident on the photomultiplier tube. 
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Unless these are standardised, intersource as opposed to intersystem 
comparisons cannot be made. A further important point to be made is 
that the optical system will look at different areas of the tail-flame 
of the plasma. Since plasmas are non-uniform sources one instrument 
may see relatively more background than another. 
The stability and electronic noise at various amplification levels, 
and the degree of amplification of the electronics associated with the 
detectors and integrators will also vary from instrument to instrument 
which again implies these should be the same for intersource comparisons. 
Since detection limits are generally defined as some factor times the 
standard deviation of the measured overall background (generally 2$') 
expressed as concentration, the electronic noise level at high 
amplification is a major factor in total noise and hence detection 
limits cannot validly be used to compare torches on different overall 
systems. 
The object of the present work was to study the emitted light 
intensities of elements possessing high and low excitation potentials, 
and thus from various energy levels, using low and high powered plasmas 
on the same spectrophotometric system and with the same nebuliser and 
solutions, but with different generators, torches and gases. The 
elemental and background emission has been measured at various heights 
in the tail flame in order to locate optimum operating conditions. 
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CHAPI'ER 2. 
INITIAL EXPERIMENTAL EQUIPMENT. 
The equipment described herein was developed and used in the 
Analytical Section of the Specialities Sector of Albright and Wilson Ltd., 
Oldbury. The author is Manager of these laboratories. 
2.1 Generators 
Model. ~· kW Frequency MHz 
Radyne S.C.l5 Free running. 2.5 36.0 
Power control by nominal. 
capacitive tuning 
of the output 
circuit. 
Radyne R.D.l50. Free running. 15.0 7.0 
Power control by nominal. 
varying the H.T. 
on the valve. 
(The above kilowattages refer to the rating of the generator; hereafter 
the kilowattages quoted refer to the actual power in the plasma and were 
determined calorimetrically)19• 61• 
2.2 Torch, Injector and Work Coil. 
These were identical for both generators and are shown 
diagrammatically in Figs. 27-29. 
2.3 Gas Flows. Control and Measurement 
Plasma 6.0 to 14.0 litres/min.-1 argon. 
Coolant 20 to 67.5 litres/min. -1 nitrogen 
Nebuliser 2.0 to 4.2 litres/min.-1 argon 
2.4 Nebuliser 
Controlled and measured 
by Brooks "Sho-Rate" 
flow meters. 
Pneumatic. Unicam S.P.900 nebuliser operating at 13 lbs./0 11 
instead of the more normal 30 lbs./0" specified by the manufacturers, 
since this pressure would give too high a flow of injector gas. 
61. S.Greenfield and H.McD.McGeachin, Analytica Chimica Acta 1978 1 100, 101 
C zs• 21 
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2.5 The Spectrometer 
The direct reading spectrometer employed was a 30-channel Hilger 
end Watts F.A.l9 Polychromator; this uses a concave grating of 3-m. radius 
of curvature and gives a dispersion of 0.173 mm A-1 (A = A") in the 
first order. Radiation from the source was focussed on the entrance 
slit, as shown in Fig. 30, and then reflected by a plane mirror on to 
the grating. The different wavelengths in the resulting spectrum 
are focussed at different points on a circle where a series of carefully 
adjusted exit slits passes the wavelengths of interest. The radiation 
transmitted by an exit slit is focussed by a concave mirror to fall, 
after reflection from a plane mirror, on the cathode of a photomultiplier 
(P.M.). There are thirty slits and photomultipliers, E.M.I. Types 
6256, 9789QB and one RL6256B. 
When radiation strikes a P.M., a current flows, proportional to the 
intensity of radiation. The current from each P.M. charges a 
capacitor for the duration of each exposure so that the voltages on 
the capacitors provide measures of the integrated intensities. It is 
to be noted that the response of the P.M. also varies with the wavelength 
of the radiation. 
2.6 Entrance Optics 
The optical arrangements whereby the two generators and torches 
may be used independently on the same spectrometer are shown in Fig.30. 
2.7 Mechanical Wedge 
V shaped wedge placed between the lens and the entrance slit and 
capable of being moved vertically by a rack and pinion mechanism. It 
was used as a stop to reduce the amount of radiation entering the 
Po~hromator when this was required. 
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Fig.30. Entrance Optics. 
2.8 Measuring Set 
The basic measuring units are the comparator and counter. The 
former serving to convert the integrated potential appearing across the 
integrator capacitor into a train of pulses, the number of pulses in the 
train being linearly related to the capacitor potential, the number of 
pulses is recorded by a 4-decade counter. 
The method used in converting the potential into a train of pulses 
may be followed by reference to Fig. 31. In this diagram, V70l is a 
double cathode follower valve which compares the potentials applied to 
its two control grids. The capacitor potential to be measured is 
injected into the first control grid, via a resistor R704. The 
corresponding cathode potential changes by an amount almost equal to the 
control grid change. (R704 is a l Megohm resistor to limit the current 
From the 
integrating 
capacitor 
Fig. 31. 
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R,704 r _._ __ -'-____ ,V. 701 --~=l=M~-~~·-~-~--~-~-~~~i~~--~ 
I I 
l 
I 
. 
Schematic diagram of Measuring set. 
drawn from the integrating capacitor and hence to reduce to a~ 
the potential change on the capacitor when measurement is made). The 
second grid is connected to a source of variable potential, changes in 
which are followed by a corresponding change in cathode potential. 
Initially, there is no input signal, the two grids are arranged to be 
at similar potentials and the valve balances, so that the two cathodes 
are at equal potentials. At the start of the measurement cycle, the 
capacitor potential to be measured is injected from the integrator to 
grid 1 of valve V701, thus unbalancing the two cathodes. 
After a short delay, a linear potential sweep is initiated and 
applied to the second control grid of valve V701. The capacitor 
potential is negative and the sweep is negative going, and hence as the 
run<-down of grid 2 progresses valve V701 tends towards balance, 
ultimately reaching a level at which the two cathode potentials are 
equal. 
As the run-down continues further, the cathode potentials will 
again be unbalanced, the polarity of this inbalance being opposite of 
that at the start of the run down. Since the potential sweep applied 
to valve V701 is linear, the time interval between the initiation of the 
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sweep and the instant at which the valve is again in balance is 
directly proportional to the potential across the integrating capacitor. 
This time interval is measured by allowing the counter to run at a 
fixed frequency from the instant at which the potential sweep is 
initiated until valve V701 again becomes balanced, terminating the 
count at this instantaneous balance point. 
2.9 The Profile Meter 
This device enables an instantaneous measurement to be made of the 
current being produced by a particular P.M. tube. The current generated 
by the P.M. tubes flows through the 1 Megohm resistor, R701, to earth as 
shown in Fig. 32. 
rr- ••'-Kraliol 
capoocUor 
• 701 
•• R.T02 
"" 
Fig. 32. 
"" UOit 
a. no 
•• 
Profile Meter. 
The potential developed across resistor R701 is injected into control 
grid 1 of valve V702 and (as for valve V701 previously mentioned) fixes 
the cathode potential. The other cathode potential is fixed by the 
grid leak resistor R.770. 
In the no signal condition the two grid potentials and hence the two 
cathode potentials are equalised by varying the plate potentials on the 
two halves of the valve via resistor R705. When a signal is injected to 
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number l grid an inbalance occurs and if a microa.mmeter is connected 
between the two cathodes cu=ent flows. The magnitude of this cu=ent 
is linearly related to the potential on the grid and hence to the cu=ent 
generated in the P.11. 
The nomenclature for the various resistors and valves is those 
used in the manufacturers handbook as the Measuring Set and Profile 
Meter are standard items supplied with the instrument. 
2.10 ''Modulog" 
Inter-Cole System's multiplexing, integrating digital voltmeter 
with fast paper tape output. Used for the acquisition of data. 
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CHAPTER 3. 
PRELIMINARY EXPERIMENTS 
The first element to be examined was sodium. This is an easy 
element to excite and the U1 line at 5890A has an excitation potential 
of 2.1 e.v. (For a neutral atom the most sensitive line is indicated 
by U1 and other lines by U2 , U3 etc. in order of decreasing sensitivity. 
For the singly charged atomic ion the corresponding designations are 
The intensities at various heights in the tail flame 
were recorded using the profile meter. The height was meas~ed from 
the flattened base of the spheroidal plasma. The position of the base 
remains reasonably constant whereas the plasma increases in length with 
power and the position of the top i~ difficult to locate. 
3.1 Sodium Results 
A solution of sodium chloride containing 1,000 ppm sodium ion 
was aspirated and the emission of various heights and powers measured. 
The Height/Power/Emission data are given in Table 1 and shown 
diagramatically in Figs. 33 and 34. The dashed lines are extrapolations. 
The Polychromator gain was set at 1 throughout but the wedge was 
used to give a five-fold attenuation of the emission when the torch and 
high power generator was used. In order to make a comparison between 
the two sets of results all readings obtained for the RD150 generator 
were multiplied by five. Background measurements were too low relative 
to the intense sodium emission to be measured with any significant 
precision. 
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Table 1. Height/Power/Emission Relationshins • 
• Sodium 5890A line. Profile Meter Readings. 
Plasma gas flow 
Nebuliser gas flow 
Coolant gas flow 
6.0l/min. Ar. S.C.l5 Generator. 
2.6l/min. Ar. Concentration of sodium. ,, 
20.0l/min, N2 • 1000 p.p.m. 
Height Gross Signal in t~a at :-
El!!· 0.67 k'tl 
1.56 52 
2.24 32 
2. 74 23 
3.24 16 
3. 74 11 
4.24 7 
4· 74 5 
5.24 4 
5.74 2 
6.24 * 
6. 74 * 
7.24 * 
0.95 kW 
61 
55 
45 
39 
31 
24 
18 
17 
13 
11 
9 
8 
7.5l/min. Ar. 
1.08 k';l 
63 
58 
52 
47 
40 
32 
27 
23 
19 
15 
13 
11 
1.26 k'v 
63 
60 
57 
54 
51 
45 
39 
33 
29 
20 
21 
18 
R.D.l50 Generator. Plasma gas flow 
Nebuliser gas flow 
Coolant gas flow 
2.0l/min. Ar. Concentration of sodium. 
20.0l/min. N2 • 1000 p.p.m. 
Height 
El!!• 
1.40 
1.58 
1.83 
2.08 
2.58 
3.08 
3.58 
4.08 
4.58 
Gross Signal in t~a at :-
2.71 kW 3,54 klv 
280 310 
295 335 
290 
280 
190 
95 
40 
* 
* 
345 
320 
170 
65 
40 
* 
* 
4.52 kW 
370 
390 
405 
330 
100 
65 
45 
* 
* 
5.62 kW 
435 
450 
350 
160 
115 
85 
50 
35 
30 
* Unreliable readings, With excessively high fractional error. 
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The next element investigated was boron • The U1 line at 
• 2.497. 7A with an excitation potential of 4.9 e.v. 'flas chosen for 
examination since this would be more difficult to excite than the 
sodium U1 line at 5890.01. 
Section 3.2 Boron Results 
Height/Power/Emission data was obtained as before. 'llith the 
low powered plasma, using a solution containing 1000 p.p.m. of boron 
present as boric acid, it was necessary to turn the gain on the P.M. 
tubes up to five (x 16) whereas with the high power generator a gain 
of one was used and the wedge was introduced attenuating the signal by 
7.57. Thus all readings on the profile meter, when using the high 
power generator, were multiplied by 121 (i.e. 7.57 x 16) in order for 
a meaningful comparison to be made between the two sets of results. 
Where possible the background was recorded, as was the gross signal to 
gross background ratio. Net backgrounds could not be measured due to 
the insensitivity of the profile meter which precluded the measurement 
of the dark current. Some net signals were recorded. The data is 
summarised in Table 2. 
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Table 2. HeightiPoweriEmission Relationshins. 
• Boron 2497.7A line, Profile Meter Readings. 
Plasma gas flow 6.o.t./min. Ar. S,C,l5 Generator, 
Nebuliser gas flow 2.31./rnin. Ar. Concentration of boron. 
Coolant gas flow 20.0L/min. N2 • 1000 p.p.m. 
Height Gross Signal 1n f!a at :-
~· 0.73 kW 0.90 kW 1.10 kW 1.20 k1il 
1.56 24 44 56 a7 
2.24 la 35 26 49 
2. 74 10 la 15 31 
3.24 a 12 12 21 
3·74 a 10 11 15 
4.24 10 11 12 
4. 74 12 
Gross Background 
1.56 3 4 4 5 
2.24 * 4 3 4 
2.74 * 3 3 3 
3-24 * 3 3 3 
3· 74 * 3 3 3 
4.24 * 3 3 3 
4-74 * * * 3 
Net Sif!Eal 
1.56 21 40 54 a2 
2.24 la 31 23 45 
2.74 10 15 12 2a 
3.24 a 9 9 la 
3.74 a 7 a 12 
4.24 7 a 9 
4-74 9 
Gross Sir,naliGross BackB!ound 
1.56 a 11 14 17 
2.24 * 9 9 12 
2.74 * 6 5 10 
3.24 * 4 4 7 
3.24 * 3 4 5 
4.24 * 3 4 4 
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Plasma gas flow 7 .51./min. Ax. R.D.l50 Generator. 
Nebuliser gas flow 2.0.t/min. Ax. Concentration of boron. 
Coolant gas flow 20.0.t/min. N2 • 1000 p.p.m. 
Height Gross Signal in f.La at :-
£!!!· 2.71 kW 3.50 kW 4.49 k'll 5.64 kW 
1.40 3267 5203 6897 10164 1.58 2783 4477 6171 9196 1.83 3630 5203 8470 2.08 1573 3146 4961 9075 2.58 1210 2904 4961 10890 3.08 1210 2662 4840 9196 3.58 1210 2299 3872 6050 4.08 1089 1936 2904 3872 4.58 847 1452 2057 2420 5.08 726 1210 1573 1936 
Gross Background 
1.40 
* 847 1694 3267 1.58 
* 242 968 2178 1.83 
* * 242 968 2.08 
* * 121 484 2.58 
* * * 363 3.08 
* * * 242 3.58 
* * * 121 4.08 
* * * * 4.58 
* * * "!: 5.08 
* * * * 
Net Signal 
1.40 t 4356 5203 6897 1.58 4235 5203 7018 1.83 
* * 4691 7502 2.08 
* * 4840 8591 2.58 
* * * 10527 3.08 
* * * 8954 3.58 
* * 'I<_ 5929 4.08 
* * * * 4.58 
* * * * 5.08 
* * * * 
Gross Signal/Gross Background 
1.40 
* 6 4 3 1.58 
* 18 6 4 1.83 
* * 25 9 2.08 
* * 41 19 2.58 
* * * 30 3.08 
* * * 38 3-58 * 
* * 
50 
* Unreliable readings for reasons stated. 
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At this stage it beca.I:le apparent that the profile meter ',;as probably 
not sensitive enough for this application although ~t was convenient and 
fast in use. However, two more experiments were made, one with an 
aluminium solution and another with a vanadium solution. 
Section 3.3 Aluminium and Vanadium Results 
Aluminium has a V2 line at 2816A with an excitation potential of 
17.7 e.v. which is thus fairly difficult to excite. Using a solution 
containing 1000 p.p.m. of aluminium present as aluminium chloride, 
the difficulty of excitation was confirmed by the data tabulated in 
Table 3. 
Table 3. Height/Power/Emission Relationshins, 
Aluminium 2816A line. Profile Meter Readings. 
Plasma gas flow 
Nebuliser gas flow 
Coolant gas flow 
6.o.t(min. M:. 
2.3.t/min. Ar. 
20. o.t/min. N2 • 
Gross Signal in ua at :-
1.3 kW 
Nil (maximum gain (x 1024)). 
S.C,l5 Generator. 
Concentration of Aluminium. 
1000 p.p.m. 
(Integration using the 
Measurement Set gave 73 counts for a 10 sec. exposure). 
Plasma gas flow 
Nebuliser gas flow 
Coolant gas flow 
7 .5.t/min. Ar. 
2.0.t/min. Ar. 
20. OL/min. N2 , 
Gross Signal in ua at :-
6.66 kW 
13 (gain of 7 (x 64)). 
R.D.l50 Generator. 
Concentration of element. 
1000 p.p.m. 
Vanadium has a V'Jt. line with an excitation potential of 11.2 e.v. at 
3093.108A. Data obtained, using a solution containing 1000 p.p.m. of 
Vanadium present as metavanadate, are shown in Table 4. 
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Table 4. Height/Power/Emission Relationships. 
Vanadium 3093R line. Profile Meter Readings. 
Plasma gas flow 6.0.t/min. Ax. 
Nebuliser gas flow 2.3.t/min. Ax. 
Coolant gas flow 20.0.t/min. N2 .' 
S.C.l5 Generator. 
Concentration of vanadium. 
1000 p.p.m. 
Gross signal in ~ at :-
0.9 kW 
58 (gain of 4(x 48)) 
Section 3.4 Observations on Preliminary Exneriments 
At the conclusion of the preliminary experiments with sodium 
the following observations were made : 
l) The gross signal increased with increasing power, 
2) The maximum gross signal for each power occurred at a position 
nearer to the plasma as the power was increased, As the plasma increases 
in length as the power is increased all the measurements on the high 
power plasmas were made from positions in the plasma. 
3) With the low powered plasma the emission at each power showed no 
maximum only a decrease in emission as the viewing position moved out 
away from the plasma, In contrast, definite maxima occurred at various 
positions along the tail-flame in the high power plasma experiments. 
4) At a fixed height all readings increased with increasing power when 
using the small generator. With the high power plasmas maxima occurred 
at lower powers than that which gave the highest gross signal. (In two 
instances maxima was followed by a minima, this may be due to the 
inaccuracies of measurement). These results demonstrate that the 
optimum position for viewing depends both on power and on height, 
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Boron behaved in a similar fashion but with some interesting 
differences, . namely : 
1) All signals increased with increasing power, however, at a certain 
position the signal increased faster than the background as was evidenced 
by an increasing gross signal/gross background ratio. 
2) The position of maximum net signal moves nearer to the plasma as 
the power is increased and then moves away as the power is further 
increased. This could be due to the norm temperature having been 
reached; any further increase in temperature will cause the signal 
to decrease and so putting the position of maximum intensity further 
away out of the plasma. 
The. increase in gross signal following a decrease at 5.64 kW is 
considered to be probably due to the increasing continuum. 
3) With the exception of the readings at 5.64 kW there was no 
maxima along the tail-flame. 
4) At a fixed height all signals increased with increasing power 
i.e. no maxima was observed. 
5) The gross signal/gross background ratios are considered inconclusive 
because it was apparent, at this stage of the investigation, that the 
profile meter was too insensitive for accurate measurements to be made 
of the dark current and of the background signals. These data could 
be important for reasons which are given and discussed in detail in 
Chapter 5. However, it was first necessary to consider the types of 
noise inherent in the detectors and associated electronics of the 
Polychromator. 
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CHAPI'ER 4. 
NOISE IN MEASURED SIGNALS. 
Many workers, for example, Eoumans et a1. 62 • 63• state that the 
relative standard deviation of the measured emission signal over a wide 
range of concentration is constant. This type of noise, proportional 
to the signal rather than its square root, has been observed in several 
kinds of spectroscopic systems64. In electronics it is known as "pink 
noise" since its low frequency components dominate in its power spectrum, 
in contrast to the more familiar "white noise", where all components 
have the same amplitude. 
A peculiar property of a system with pink noise is that increasing 
the integration time will not improve the signal/noise ratio. This is 
almost a paradox, for doubling the integration time is in many ways 
equivalent to taking the mean of two readings, which normally improves 
the precision. The explanation, appears to lie in the noise spectrum. 
With white noise, the signal can jump from one value to another with 
great freedom, so that a high value is likely to be followed by a low 
one and two readings is therefore likely to be better than a single 
reading. With pink noise, however, where low frequency components 
dominate, a high reading will require many of these components to be 
positive. Since they are low frequency, a relatively long time must 
elapse before they change sufficiently to allow a low reading to occur. 
Thus in consecutive readings high values tend to follow high values 
and so a mean of two shows little, if any, improvement over a single 
value. 
62. P.W.J.M.Eoumans and F.J.de Beer, Spectro-Chim. Acta. 1972, 27B, 391. 
63. Idem. Ibid. 1975, 30B, 309. 
64. J.O.Ingle, Jun., Anal. Chem. 1977, 49, 339. 
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Section 4.1 Fourier Analysis. 
Experiments were carried out, using a plasma source without 
analyte, where readings of the photo-multiplier output from the sodium 
5890A channel were punched at a rate of about 14 per second for about a 
minute. This was achieved by feeding the output of the photomultiplier 
into the "Modulog" data logger and thence into a high speed paper tape 
punch. Plasma conditions were not recorded as they were not considered 
to be important. 
The resulting plot indicated that there might be some periodicity. 
A Fourier analysis was carried out. The algorithum for performing 
this assumes that the set of readings corresponds to half a period, so 
that the assumed period is two minutes and the fundamental frequency 
is 1/120 per second i.e. 0.0083 Hz. The first hundred harmonics 
were calculated, Table 5. 
TAJ3LE 5. 
Fourier Analysis of Photomultinlier Signals 
Cosine Values Freguency Hz Mean of Moduli 
1. 100.139596 
2. 66.342120 
3. 40.296473 
4. 39.823253 
5. 4.976448 
6. 16.920285 
7. -2.766459 
8. -40.812485 
9. -1.191430 
10. -16.589949 
11. 8.663648 
12. 21.017252 
13. 18.663982 
14. -9.456564 
15. 1.229285 
16. 10.033206 
17. 16.973824 
18. -16.882899 
19. -0.656687 
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TABLE 5 (contd) 
Cosine Values Freguency Hz Mean of Moduli 
20. -14.041261 0.166 11.7 
21. -10.678848 
22. 15.945893 
23. 
-7.445489 
24. -10.212133 
25. 11.682048 
26. 
-4.820914 
27. -11.482011 
28. 
-3.987730 
29. -17.578028 
30. 5.088432 0.249 9.8 
31. 8.111728 
32. -6.853823 
33. -4.595546 
34. -33.250046 
35. -2.460208 
36. 7-513333 
37. -10.504395 
38. 
-9-912675 
39. -3-566708 
40. 2.602825 0.332 8.9 
41. 20.555519 
42. 11.169309 
43. -12.563534 
44. 6.541921 
45. -6.594364 
46. -13.604203 
47. -4-476244 
48. -1.968937 
49. 5. 790979 
50. 0.072564 0.415 8.3 51. -13.498690 
52. 11.425497 
53. 7-794419 
54. 2.340794 
55. -2.227517 
56. 13.501519 
57. 5.616568 
58. -4.182845 
59. 0.461633 
60. 12.238667 0.498 7.3 61. 5-344566 
62. 
-3.367399 
63. -6.106444 
64. -19.306985 
65. 5.250138 
66. 16.135496 
67. -1.242266 
68. 
-8.997971 
69. -0.257131 
70. 
71. 
72. 
73. 
74· 
75. 
76. 
77. 
78. 
79. 
so. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 
lOO. 
Cosine Values 
2.046067 
1.643273 
0.348404 
-2.203385 
6.463187 
2.307185 
4.291800 
11.595497 
3.627345 
-2.674324 
6.159507 
4.861743 
-5.046484 
1.464889 
7.248294 
0.703679 
-6.861671 
0.327370 
8.151172 
5.908400 
-0.856781 
-0.537233 
-0.925972 
-1.585038 
5.047474 
-8.997994 
-0.572437 
1.202327 
-1.670502 
-1.181177 
6.622380 
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TABLE 5 (contd) 
Freguency Hz r1ean of Moduli 
0.581 6.8 
0.664 
0.747 
0.83 2.8 
The largest amplitudes are associated with the lowest frequencies, 
and although the amplitudes fluctuate individually, it can be seen, from 
calculating the mean of the module in ten successive groups of ten, 
that the mean amplitude is decreasing with frequency (32.9, 11.7, 9.8, 
8.9, 8.3, 7.3, 6.8, 4.1, 4.1, 2.8). This is, at least qualitatively, 
characteristic of pink noise. 
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Section 4.2 Relative Standard Deviation of the Signal. 
In another experiment, the signal obtained from an aerosol of water 
inJected into the plasma was measured on a number of channels of the 
Polychromator, at various heights in the plasma, in order to obtain a 
range of signals from different P.M. tubes. Plasma conditions were 
again, not recorded. 
The signal due to continuum and any molecular emission from the 
water was measured in the Na, Mo, Ba and Mn channels (at gains 9, 5, 11 
and 7 respectively) at height counter readings of 900, 1000, 1100, 
1200, 1250, 1300 and 1350. One hundred counts represented a distance, 
in a vertical direction, of one centimeter. (At height 1350 only the 
Mo and Mn channels were used, the others being overloaded). Ten 
replicate readings were taken (four being rejected from height 1100 
because of the likelihood of air having been entrained, since the 
solution sampling beak was subsequently observed to have jammed). 
Standard deviations were calculated and listed with the mean signals 
as shown in Table 6. 
- 72-
TAJlLE 6. 
ReadinP,S of Signal and Standard Deviations. 
X 7"' X cr-
152 2.1 1638 28.5 
162 3-7 1670 35-4 
167 2.9 2167 95-4 
186 4.0 2318 22.2 
241 3.8 3952 65.5 
358 9-4 3962 89.0 
412 5-4 4298 113.2 
441 52.6 6684 104.3 
495 21.9 7936 93-5 
658 10.5 11704 143.6 
783 43.8 13397 82.8 
1479 53.0 19234 152.2 
1517 68.2 24693 572.8 
These are shown plotted on log-log paper in Fig. 35. The logarithms 
of x and~ were used to calculate by least squares the best straight 
line. The slope, i.e. regression coefficient, was 0.90 and the 
relation between ~ and x was 
- 0 04 0.90 ()-'-• X 
This line is shown superimposed on the data points in Fig. 35. 
The standard deviation of the value regression coefficient 
0.90 is ~ 0.07 which for 95% confidence limits is = 0.14. 
The closeness of 0.90 = 0.14 to unity serves as a justification 
for believing that the noise in the background is proportional to the 
background and not to its square root, the noise is therefore best 
described as pink. 
The conclusions of the previous experiment were tested in a 
different manner. An iron solution containing 1 p.p.m. of iron was 
nebulized into the plasma. The plasma conditions were arbitrary and were 
not recorded. The wavelength used was 2599A. Ten replicate readings 
were taken at ten seconds exposure and at one hundred seconds exposure. 
. i 
a 
slope = .90 
1000 
X 
X X 
lOO X X X X X X 
X X 
X X 
X 
X 
X X 
10 X 
X 
X 
lOO 1000 10,000 s1gnal lOO 10 
F1g. 35. Plot of standard dev1at1on (a) versus s1gnal. 
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The experiment was repeated using a 0.1 p.p.m. solution. The 
results are shown in Table 7. 
TABLE 7. 
Replicate Readings of 1.0 and 0.1 p.n.m. 
Iron cone. p.p.m. 
Exposure time, secs. 
Mean (i) 
Std. Dev. (,.-) 
Solutions of Iron. 
1.0 1.0 
100.0 10.0 
37,204.0 3774-5 
256.9 37.6 
0.1 
100.0 
21,629.0 
295-3 
0.1 
10.0 
2207.4 
29.5 
For standard deviations of two sets of data cr-- 1 and <:t' 2 the 
confidence limits of the ratio -s-1 lrs-2 are tabulated65 • For 95% 
confidence the lower limit is (for 9 degrees of freedom in each) 
0. 50 6'"'1 I rr 2 and the upper limit is 2. 01 G"' 1 I o--2 • 
Then 2§~:~ = 6.839 and the limits are 3.42 and 13.7. 
Similarly for 2~~:§ = 9.99 the limits are 5.00 and 20.1. 
Thus neither set includes the ratio /TO = 3.16; but both include 
the ratio 10. Thus a square root dependance on the signal for the 
noise is excluded. Linear dependance is compatible with both sets 
of results. 
Having established that the noise is proportional to the signal 
it was now possible to examine the signals coming from the plasma from 
the point of view of deciding that criteria which could be properly 
used to compare one torch with another. 
65. O.L.Davies, Statistical Methods in Research and Production, 
3rd Ed., Oliver and Boyd 1958. Table H. 
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CHAPTER 5. 
THE CRITERIA TO BE USED FOR COMPARING PLASMA. TORCBES. 
Summary 
In this chapter the concept of the intrinsic merit of a plasma 
is introduced. This is defined for present purposes as the ratio of 
the spectral radiancy of a spectroscopic line to that of the background 
at the same wavelength. Spectral radiancy is a function of the 
plasma alone, independent of the spectrometer and measuring system. 
The consequent independence of the intrinsic merit of a plasma on 
spectrometer and measuring system is a justification for its name. 
In practice, of course, signals can be utilised only after passing 
through the spectrometer and measuring system. They thus have a 
contribution from the dark current. EXperiments have shown that with 
the apparatus used in this laboratory, dark currents are in general 
related hyperbolically to the gain while net signals are related 
linearly to the gain. Because of the difference of these effects, 
any quantities depending on measured signals will also depend on the 
gain. Such quantities discussed in this chapter are the maximised 
net signal, i.e. the net signal obtained when the gross signal fills 
the measuring scale, and the gross signal to background ratio, on 
which, it is shown, the detection limit depends when the noise of the 
background is proportional to the background. A different ratio, but 
involving the same quantities is appropriate when the noise depends on 
the square root of the background. 
MUch of the chapter is concerned with the discussion of whether 
the better (in the intrinsic sense) of two plasmas will always yield 
the better detection limit when the spectrometer and measuring system 
are taken into account. It will become apparent that if the dark 
current is zero, the better plasma does in fact always give the better 
detection limit, but if the dark current is not negligible, the better 
plasma may or may not give the better detection limit, because the 
rate at which a non-negligible dark current degrades the detection 
limit depends on the plasma. 
Criteria to decide whether the better plasma gives the better 
detection limit are derived. These are of two types. The first type 
is a necessary criterion in the sense that if it is satisfied then the 
better plasma certainly gives the better D.L. and if it is not 
satisfied the better plasma certainly gives the poorer D.L. It will 
be shown that such criteria are not useful in practice because of the 
impossibility of evaluating a factor which occurs in them. The second 
type can be called a sufficient criterion. This is more restrictive 
than the first kind but involves only measurable quantities. If it 
is satisfied then the better plasma certainly gives the better D.L; 
. if it is not satisfied then the better plasma may or may not give the 
better D.L. 
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Someoimes io has been found experimenoally ohao ohe relaoion 
beoween dark curreno and gain, in general hyperbolic, simplifies oo 
a linear dependence. TWo special cases of ohis kind are oreaoed, 
namely, when ohe relaoion is a soraight line ohrough ohe origin, 
which is ohe same relaoion as for a signal, and when ohe dark curreno 
~s consoano wioh respeco oo gain. These special cases have simpler 
crioeria. 
The case where maximum useful gain is used, so ohao ohe measuring 
scale is filled by ohe gross signal, is oreaoed, since wioh ohe 
apparaous used in ohis laboraoory deoecoion limios improve wioh gain. 
The crioeria derived in ohis case are reporoed only for ohe special 
cases of linear dependence of dark curreno on gain, because of ohe 
excessive complexioy of ohe general hyperbolic case. 
The conclusion can be drawn ohao deoecoion limios, necessarily 
involving ohe specoromeoer and measuring sysoem, need noo always be 
reliable indicaoors of ohe inorinsic merio of a plasma. 
In Secoion 1.3 ohe objeco of ohe preseno work was given as ohe 
scudy of ohe emiooed ligho inoensioies of elemenos using high and low 
power ~lasmas oo deoermine ohe opoimum waooage necessary oo do useful 
analyoical work. Io was shown ohao valid inoersource comparisons could 
only be made on ohe same sysoem. Whao was noo specified were ohe 
crioeria oo be used in any such comparisons. 
Of ohe generally accepoed crioeria used in comparisons of aoomic 
specoroscopic oechniques,55 ohose appropriaoe oo ohe proposed inoersource 
comparison are :-
1) Limios of deoecoion. 
2) Convenience of operaoion. Paroicular poinos are ohe abilioy oo 
accepo high salo concenoraoion wiohouo exoinguishing ohe plasma, 
minimisaoion of ohe effecos of impedance changes consequeno on 
ohe inoroducoion of maoerial inoo ohe plasma and freedom oo work 
wioh gases ooher ohan argon. These are effecos depending on 
energy densioy or elecoron densioy and when ohese are booh high, 
as ohey are when ohe power is high, a given change causes a 
smaller fracoional change. 
3) 
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Dissocia~ion of Molecules. A high degree of molecular dissocia~ion 
preven~s chemical ma~rix effec~s which are due ~o ~he forma~ion of 
refractory species and in addition gives a reduction of background 
effec~s from molecular bandheads. 
4) Ionisation. Unless the power density is such as to produce a 
substantial electron density due to the ionisation of the gases, 
the introduction of an easily ionised material will make a marked 
difference ~o the elec~ron density thus perturbing the ionisation 
equilibria. 
It can readily be seen that an increase of power will be favourable 
to criteria 2, 3 and 4. Criterion 1 is subject to the most controversy. 
Initially it seemed at~ractive to use detection limits as a measure of 
the merit of a plasma. It will be shown later in this chapter that 
detection limits involve the noise on the background and hence., as 
discussed in Chapter 4, the magnitude of the background. In many 
cases in this laboratory the background consists almost entirely of the 
dark current so that the detection limit depends strongly on the dark 
current; thus it depends on the measuring system of the spectrometer 
and not solely on the plasma. I~ became desirable, therefore, ~o deduce 
a quanti~y depending on the plasma alone by which two plasmas could be 
compared. It is shown that the ratio of the net signal ~o the net 
background is such a quantity, giving a measure of the ratio of spectral 
radiances of line and background. The relation between detection limit 
and this ratio is examined to see under what circumstances the plasma 
with the highest ratio gives the best detection limit. 
First it is necessary to examine the relationship governing ~he 
signals received from the plasma and the spectrometer; these are 
shown diagramatically in Fig. 36. 
GROSS OR TOTAL SIGNAL 
BACKGROUND 
:X: 
DARK CURRENT b 
ZERO 4 
----- - -----
Fig. 36. Signals Obtained from the 
Spectrometer. 
The dark current mainly arises either from thermal electrons 
leaving_ the photocathode, in which case the current will increase with 
the voltage applied to the PM tube, or, from current leakage at the anode 
66 in which case the value will not increase markedly with gain or voltage • 
In both cases if the applied voltage is increased beyond a certain value 
a glow discharge from the ionisation of the gas in the tube occurs and 
the dark current increases rapidly. These effects are shown in Fig. 37 
obtained from data from the P.M. tubes of the Polychromator. 
Each line represents the response curve for a single PM tube. 
The DVM readings are plotted logarithmically. The gains are the readings 
of the sensitivity knobs; advancing these knobs by one position doubles 
the sensitivity, so that the horizontal axis too is effectively 
logarithmic in the factors by which signals are multiplied. The "expected 
slope" is a line showing how a signal due to incidental light increases 
Wi"th gain. 
66. Pho"tomultiplier Tubes. EMI Electronics Ltd. Brochure POOl/FP 70. 1970. 
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1 4 5 7 8 9 10 11 12 
Galn 
Flg. 37. Plot of dark currents versus galn for 29 P.M. tubes. 
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It will be seen that the dark currents fall into three classes: 
A, the dark current arising from electrons emitted thermally from the 
cathode; B, the dark current arising from anode leakage; and C, a 
mi.xt=e of A and B. Examples of these are suitably labelled in Fig.37. 
Until the glow occurs, all the variations in dark current measured 
in this laboratory have been found to fit a hyperbolic function 
a = 
p1 g + R, 
1 + Q, g 
An example of the fit obtained (for the data of Channel 4) is shown 
in Table 8. 
Table 8. Observed and Calculated Values of Dark Currents. 
Gain Factor. Observed dark current. Calculated dark curren"t. 
1 131 131.4 
2 132 131.8 
4 133 132.7 
8 135 134.5 
16 139 138.1 
32 147 145.1 
64 158 158.9 
128 184 185.6 
256 232 235·4 
512 326 322.8 
' 
1024 460 460.6 
_The values of P1 , Q, and R, obtained for the thirty channels of 
the spectrometer from least squares fitting are listed in Table 9. 
There was no photomultiplier in Channel 19. It may be noted that 
Channels 3, 5, 12, 22 and 28 have negative values of Q, and channel 12 
has in addition a negative value of P1 • It will appear later that 
\ 
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cer"tain conclusions can be drawn if P1 , Cl., and ~ are no"t nega"tive, 
so "tha"t i"t is desirable to examine whe"ther "the negative values 
ob"tained are significan"tly differen"t from zero. Es"t~"tion of 
confidence limi "ts of P1 , Q, and ~ is complicated, Ins"tead, "the 
relevan"t experimen"tal da"ta are plo"t"ted in Fig, 38. I"t will be seen 
"tha"t devia"tions from s"traigh"t lines are small and on "this basis i"t 
seems permissable in each case to "take Q, as zero (so "tha"t "the 
hyperbolaereduce to s"traigh"t lines) and replace "the calcula"ted 
hyperbolas by s"traigh"t lines wi"th slopes and in"tercep"ts which are 
posi"tive or zero. We can "then claim "tha"t, in "this experimen"t, P1 , 
Q, and ~ never "take nega"tive values, 
p1 g + ~ 
Table 9, Values of P1 , Q, and ~ in "the equa"tion a = 1 + ~.EL 
Channel 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
rela"ting dark curren"t "tO gain. 
.0417 
.0330 
.0440 
.0655 
.498 
.0394 
26.34 
0 
·437 
0 
,0162 
,0082 
.00015 
,00062 
.0113 
- ,00072 
,00038 
- .00012 
.0360 
0 
,00019 
0 
.0032 
,0011 
- ,0018 
226.4 
.90 
.75 
176.1 
130.9 
1.40 
736.7 
15.0 
9.64 
0 
.27 
.43 
325.8 
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Table 9 (contd) 
Channel p1 Q., R, 
13 22.30 .0746 256.9 
14 .0763 .00062 1.47 
15 .368 .0011 - 15.9 
16 .0605 .00019 261.5 
17 .0793 .0057 
·57 
18 .0040 .00014 .32 
19 
20 .702 .00082 598.1 
21 38.52 .156 240.4 
22 9·974 - .0011 387.3 
23 ·438 .00043 19.2 
24 .864 .19 .51 
25 .764 .00006 20.8 
26 6.03 .0033 124.1 
27 0 0 1.0 
28 .0539 - .0021 .92 
29 0 0 1.0 
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Fig. 38. Linear plot o:t' dark current against gain :t'~ selected channels. 
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Sec~ion 5.1 The Rela~ionship Between the Ne~ Signal, Ne~ and Gross 
Signal ~o Background Ra~ios and ~he P.M. tube AmPlifica~ion and Dark 
Cl=en~. 
5.1.1 In~rinsic Meri~. 
Le~ p and q be the spec~ral radiances (~he energies emi~~ed in 
wa~~s per sq.cm. per s~eradian per Angg~om) corresponding ~o ne~ 
signal and ne~ background emi~ted by the plasma. The ratio pjq, 
depending on the plasma alone, can be ~aken as defining ~he "intrinsic 
merit" of the plasma. The intensi~ies reaching the photomultipliers 
will depend not only on p and q bu~ also, since the dimensions of p and q 
are wa~~s per sq.cm. per s~eradian per A, on the area of the appropriate 
p~ of the plasma, on the solid angles used, and on ~he wavelength 
range passed by the exit slits. 
If the plasma is focussed on the plane of the entrance slit, the 
only area of the plasma which produces light entering ~he spec~ome~er is 
~hat which produces ~he p~ of ~he image defined by the area of the slit. 
This p~ of ~he plasma is thus responsible for bo~h signal and background 
and an~hing happening elsewhere in ~he plasma is ~herefore no~ observed. 
The useful solid angle is defined by ~he useful aperture of the 
lens, which in i~s turn is defined by the solid angle sub~ended by the 
ruled p~ of ~he gra~ing at the en~rance slit as is shown in Fig. 39. 
Any solid angle in excess of this will no~ con~ribu~e ~o the 
signal, bu~ may, by sca~~ering s~ray ligh~, add ~o ~he background, if the 
masking is no~ adequa~e. 
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/ -
plasma 
sht grating 
lens 
Fig. 39. Useful Solid Angle of the Entrance Optics. 
The resolution of the spectrometer in practice is likely to be 
defined by the angle subtended by the width of the entrance slit at 
the grating. The width of the exit slit should be wide enough to 
include only the image of the spectral line. If it is wider than 
this, the exit slit will pass background radiation in a wavelength 
range greater than necessary, thereby increasing the background without 
affecting the signal of analytical interest. 
Thus as a consequence of the units (watts per sq.cm. per steradian 
per Angstrom) in which the radiances p and q are expressed, the factors 
by which p and q have to be multiplied to give the energy per unit time 
incident at the photo.cathode will depend first, on the area of the 
plasma observed, second on the useful solid angle and third, on the 
wavelength range passed by the exit slit, that is on the width of the 
exit slit. 
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Let u be the factor for the signal radiancy p and v that for 
the background radiancy q, 
Thusu=u,Uz~· 
u, , the area of the plasma observed, is given by the area of the 
entrance slit divided by the magnification of the entrance optics. 
Uz is the solid angle subtended by the ruled part of the grating 
at the entrance slit (see Fig, 39). 
In the case of the signal the wavelength range passed by the exit 
slit is not directly the quantity of interest, A spectral "line" 
observed at the exit slit is in fact an image (usually at unit 
magnification) of the entrance slit formed with radiation of the 
wavelength of the line, The quantity of interest is the fraction of 
this image which is transmitted by the exit slit. ~ is defined as 
this fraction, which cannot of course, exceed unity: when the complete 
line profile is accepted, the signal cannot be increased by further 
widening of the exit slit, 
The factor v by which q has to be multiplied to give the background 
energy deper.ds similarly on three factors 
v = v1 v2 v3 • 
v1 is identical to u, , since the same part of the plasma is 
observed both for signal and background, 
The useful solid angle is likewise the same for the signal and 
that part of the background radiation which is dispersed by the grating, 
The background may have components due to scattered light in addition 
however and these can be taken account of in a formal way by allowing 
v2 to exceed Uz , 
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As the exit slit is widened there is no limitation on the 
increase in background radiation transmitted, The appropriate value 
for v3 is therefore the wavelength range passed by the exit slit, 
The difference in treatment of signal and background is due to 
the difference between the continuous nature of the background and 
the narrow profile of a line, The energy of the background radiation 
in a range of lOA is ten times that in a range of lA (more or less). 
The energy in a spectral line will be the same in both cases (provided 
the line width is less than lA). 
If there are other properties of the spectrometer affecting the 
signal and background that this discussion overlooks they will involve 
other factors un and vn. 
The important point is that the factors which determine u and v 
are properties of the spectrometer alone, namely the focal length and 
aperture of the lens in the entrance optical system and the dimensions 
of entrance slit, exit slit and grating. They are not dependent on 
the plasma. 
The gross signal arriving at the photocathode is thus (up + vq) 
and the background is vq, These will then be amplified by the 
photomultiplier, which is the sole amplifier in the system: used, 
The dark cu=ent, which may or may not be amplified, dependent on its 
origin, is added. For unit amplification, the gross signal is 
= up+vq+a., 1 
and the gross background 
= vq+a., 2 
This is shown schematically in Fig. 40. 
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Plasma Spec"trome"ter 
Radiances 
Ne"t signal p up 
Ne"t background q vq i r 
PM Tube 
X:, =Up + vq + a, 
b1 =vq + a, 
Fig, 40, Signals arriving a"t the PM Tube 
------------ 3 
------------ 4 
Therefore P = : • x:,-b1 
q u b1-a., ------------ 5 
i.e. x:,-b1 up 
-------- 6 = 
so "that for a given value 
p 
is propornonal to q 
For gains other than unity, where the dark current a, is amplified by 
a factor f when the signal is amplified by gain g, 
a = fa, 
:X: = g(x:, -a, ) + fa, 
b = g(b1 -a, ) + fa, 
7 
8 
9 
:x: and b are the values at any gain g; x:, and b1 at g = 1. 
= up+o 
Note that in general the factor f by which the dark current is amplified 
is not the same as the signal amplification g, 
Then 
:X: - b ', g(x:, -a, ) + fa, - g(b1 -a, ) - fa, 
By cancE.:llation 
:X: - ,b • X:, -b1 
= 
10 
b- a b1-a., 
and from equation 6 
:x:-b U,I!. 
b- a v q 
----------- 11 
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Thus the ratio of net signal to net background (hereafter called 
the "net ratio") is proportional to p/q, regardless of gain. 
This ratio is also independent of the nature of the dark current, 
and indeed of its magnitude, for if a is increased to a + d, x is 
increased to x + d and b to b + d so that the new ratio 
fx + d~ - fb + d~ keeps its value x - b • 
b+d- a+d b-a 
5.1.2 Conditions for Maximum Net Signal (General Case). 
Given a series of readings of x, b and a, it is of interest to 
predict which set corresponds to the largest value of net signal when 
amplification is applied to fill the scale of the measuring instrument, 
of length A. 
To fill the scale A with the gross signal x we must amplify by a 
factor C, the maximum useful amplification, defined as that value of g 
which produces a gross signal of magnitude A. 
Then C(~ -a,) + fa, = A ---------- 12 
so that 
A-fa, 
c = ~-a, - - - - - - - - - - 13 
and the amplified values of the net signal and net background are 
and. 
A-fa, 
~-a, 
These two quantities add up to A-fa,, the available scale length. 
It was shown previously that it had been found by experiment that 
the dependence of dark current on gain could be expressed as a hyperbolic 
function, provided the gain was not so large as to cause ionisation 
glowing in the PM tube. 
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Thus 
------------ 14 
It is now convenient to write a = fa, where a, is the value of a 
when g = 1, namely P1 + R, 
1 + Q., 
Then 
a 
f=-
a., 
= 
• 
p1 (1 + Q., )g - R, (1 + Q., ) 
p1 + R, + p1 + R, 
l+Q.,g 
15 
16 
= 
Pg+ R 
1 + Qg ------------ 17 
where P, Q and R are defined by the relations 
P= 
R= 
Q= 
p1 (1 + Q., ) 
p1 + R, 
R, (1 + Q., ) 
p1 + R, 
18 
19 
20 
It was found that, in the experiments carried out, P1 , Q., and R, were 
never significantly negative. It follows that P, Q and R are never 
significantly negative, so that they can be taken as positive or zero. 
Then a = fa, 
----------
21 
Pg + R 
= 
• a, 
----------
22 1 +Qg 
Since the value of a when g = 1 is a, , it follows that 
P + R = 1 + Q - - - - - - - - - - 23 
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The maximum amplification C is now obtained from equation 13 
by substituting the appropriate value of f, namely that corresponding 
to ~lification C. 
PC+ R 
Then 
' A- ~~.;_ • a, 
-
_ _:l~+_;Q~C~ c = -X,- a, ----------24 
i.e. c(x, -a, ) = 
A + AQC - PCa, -Ra, 
1 +QC - - - - - - - - - - 25 
i.e. C(x,-a,) + QC2(x,-a,) -A- AQC + PCa, + Ra, = 0----- 26 
i.e. C2 ,Q(x, -a,) + C(x, -a, -AQ + Pa,) + Ra, -A = 0 -----27 
This is a quadratic equation with two roots, 
c = -(x, -a, -AQ + Pa, ) ± I { (x, -a, -AQ + Pa, )2 + 4Q(x, -a, ) (A-Ra, ) } 
2Q(x, -a, ) 
The appropriate root is that with the positive sign, as shown 
by the following argument. 
H 
D 
gain g 
K 
--28 
L 
I 
I 
I 
I 
AI 
I 
I 
I 
Fig. 41. Dependence of eomponen"ts- ~a- signal on gain. 
- . - ~ 
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The gross signal x is given by 
X = g(X., -a, ) + fa, (equation 8) 
If the two terms in this equation are plotted separately against g, 
the first is a straight line through the origin (OF in Fig, 41) while 
the second (because f has a hyperbolic dependence on g) is a hyperbola, 
which formally must have two branches (KE and K'E' in Fig. 41). 
Since the gain g in reality must be positive, only the right-hand 
branch KE is of physical i.mJ;lortance. For two values of g the sum 
of the two terms will fill the scale length A (represented by LL•). 
These values of g are represented by OD, such that DE + DF = DH and 
OD 1 , such that D'E' + D1F 1 = D'H'. In the second case OD' and D'F' 
are negative and the solution, involving a negative value of gain, is 
purel~ conceptual, Thus of the two solutions of the quadratic in the 
maximum amplification C, one is positive and one negative and the 
required solution, necessarily positive, must be given by taking the 
positive sign in the expression for the root. (Had both roots been 
positive and hence physically possible, a more complicated argument 
would be required to choose the appropriate one), 
The value of the net signal when the gross signal fills the 
scale is thus C (x., -b1 ) 
1 X., -b1 [ ;l 
= 2Q X., -a, I {Cx., -a, -AQ+Pa., )2 + 4Q(x., -a, ) (A-Ha, ~ - (x., -a, -AQ+Pa., 1 
The quantities involved in this equation can all be obtained by 
measurement. 
Despite effort, it does not seem possible to si.mJ;llify the 
expression. It had been hoped that a si.mJ;lle criterion could be 
obtained, so that from measurements made in experiments where the 
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signal would be oboained when ohe scale was filled, could be deduced. 
Io does noo seem possible oo achieve ohis aim for ohe general case 
However 
5.1.3 Special Case 1. (Any suaigho line). 
If che value of Q is zero, ohe hyperbolic funcoion becomes a 
When Q = 0, equaoion 27 reduces oo 
A- Ra, 
c =---=--X., -a, +Fa, ------30 
Since P + R = 1 + Q (equaoion 23), in ohis case p + R = 1 so ohao 
A- Ra, 
c = X., -Ra, ------31 
scale length A is filled by ohe gross signal x, is ohen given by 
which is 
A- Ra, 
X., -Ra, 
A- Ra, 
- X., -b1 +b1-Ra, • (x., -b1 ) 
A- Ra, 
= 1 + b1-Ra, 
X., -b1 
,X., -b1 
maximised when b1 -Ra, 
is maximised. 
Two simple special cases are for R = 0 and R = 1. 
------32 
------33 
------34 
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Special Case 2. ( S-craiglrt: Line Through -r;he Origm) • 
If R = 0 -r;hen P = 1 and we have for "the dependence of dark curren"t 
on gain a s"traigh"t line "through "the origin, so "tha"t "the dark curren"t is 
amplified like a signal, a = ga, • Under "these circums"tances "the 
maximum in "the ra"tio x., /b1 will indica"te "the condi"tions for maximum 
ne"t signal. 
5.1.5 Special Case 3. (Rorizon"tal S"traigh"t Line). 
If R = 1 "then P = 0 and "the line is horizon"tal so "tha"t dark 
curren"t is independen"t of gain, a = a, • 
X., -b, 
For "these circums"tances i"t 
is "the ra"tio which indica"tes "the condi"tions "to give maximum ne"t 15, -a, 
signal. 
In "the discussions i"t has been "taci"tly assumed "tha"t "the required 
amplifica"tion can be ob"tained. 
Sec"tion 5.2 De"tec"tion Limi"ts. 
:z: 
t 
b 
• 
c concentrat1on > 
Fig. 42. Schema"tic Represen"ta"tion 
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x-b In Fig. 42 the slope of the calibration curve is m = --- , 
c 
i.e. the net measured signal divided by the concentration which produces 
it. This is the sensitivity. An unknown concentration is found 
x-b from c = --- • 
m 
The Detection Limit (D.L.) is defined as the concentration 
giving a net signal twice (or some other factor n) the noise of the 
background. 
i.e. for D.L. 
so that D.L. 
x-b = 2a-(b) 
3s'(b) 
= m 
----- 35 
----- 36 
where the net signal x-b is produced by a concentration c. 
Now sensitivity m for an exposure of time t is m = N.t. where N 
is net counts per sec. per p.p.m. andcr- (Bt) = fBt if the noise in the 
background is given by the sguare root of the background. 
background in counts per sec.). 
(B is gross 
If R is defined as the signal to background ratio N/B, then 
and D.L. 1 1ft - --- 37 
= - --- 38 
Thus for a square root dependence, exposure time must be taken into 
account. 
For the case (as in the system under study) where the noise in 
the background is proportional to the background, cr-- (b) = kb. 
2kbc 2kc 
= x-b = X· _ Then D.L. - --- 39 j)-1 
This is the smallest when x/b is a maximum. Thus to optimise the D.L. 
we have to maYimise x/b. Note that this is the gross ratio. 
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If ohe dark curreno was very much less variable ohan ohe neo 
background, ohen ohe noise in ohe gross background migho be oaken oo 
be proporoional oo ohe neo background (b-a). 
D.L. = 2kc(b-a) x-b 
In ohis eveno 
------40 
and ohe D.L. would be minimised when ohe neo raoio bx-b is maximised. 
-a 
This neo raoio is proporoional oo pjq, ohe raoio of ohe specoral 
radiances of ohe plasma for signal and background, so ohao ohe plasma 
wioh ohe beooer value of pfq would always give ohe smaller D.L. 
Comparison of soabilities is a very difficult and oedious experimeno. 
From a limited range of experiments no significant evidence was found 
that the dark current is more stable than the net background, so that 
the gross ratio x/b should be used to optimise the D.L. 
Since the D.L. is inversely relaoed to the gross ratio x/b it will 
depend not only on the plasma but also en the spectrometer system. 
The ratio pfq can be oaken as a measure of the "intrinsic mer~ t" of a 
plasma. The question arises "of two plasmas with different figures of 
merit under what conditions does the better always produce the lower 
detection limit?" 
5.2.1 General Case. Necessary Conditions for ohe Beoter Plasma to 
Give ohe Better Deoection Limit. 
First a relation between x/b and the radiances p and q is obtained. 
This involves the gain g and the dark current at unit amplification a, • 
a = fa, (equation 7) 
x = g(:x:, -a, ) + fa, (equation 8) :x:, = up + vq + a, (equation 1) 
b = g(b1 -a, ) + fa, (equation 9) b1 = vq + a, (equation 2) 
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X g(x, -a, ) + fa, 
b = g(b1 -a, ) + fa, ------- 41 
= 
gu:p + gvq + fa, 
gvq + fa, ------- 42 
gu:p 
+ 1 
= gvq + fa, ------- 43 
The way in which x/b varies wi~h ~he dark curren~ a~ uni~ 
am:plifica~ion a,, is illus~ra~ed for ~o differen~ se~s of condi~ions 
in Fig. 43. I~ is seen ~ha~ ~he curves cross and i~ will be shown 
~ha~ ~he value of a, where ~he curves cross is a quan~i~ of significance. 
This value of a, is derived as follows : 
The curves cross when 
= 0 --- 44 
--- 45 
or af~er cancelling u, 
--- 46 
hence when 
- g, S2Vq1 ~ (~- :) a, = f2 g, p., -f1 S2 P2 --- 47 
- g, g2 vq1~ ~;- :) = • f1 f2 g,p., 82P2 
---
--- 48 
f1 f2 
~-X= gup 
Since b gvq + fa, + 1 (equa~ion 43) 
~he value of x/b decreases as a, increases. Since a, canno~ be 
nega.~ive, ~he maximum value of x/b is :!:?:12.- + 1, occurring a~ a, = 0 • 
. vq 
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Thus for zero dark current the better plasma (ha.ving the larger va.lue 
of pfq) gives the larger va.lue of x/b a.nd hence the better D.L. The 
effect of a. non-zero da.rk current is to degrade the va.lue of x/b a.nd 
hence the D.L. The ra.te of change of x/b with a, is dependent on the 
spectral ra.dia.nces p a.nd q, so tha.t different pla.smas will ha.ve 
different ra.tes of change. This is why the curves of x/b against a, 
cross a.t the critical va.lue of a, given by equation 48. There are 
two cases depending on whether this critical va.lue is positive or 
negative. 
Suppose the critical va.lue is positive (Fig 43.1). Then if a, , 
the a.ctua.l da.rk current a.t unit amplification, is less tha.n this critical 
va.lue the plasma which ha.s the higher va.lue of x/b at a, = 0 will still 
ha.ve the higher value of x/b, so tha.t the better plasma, though its 
D.L. is degraded more rapidly than the poorer one, still gives the better 
D.L. If, however, a, exceeds the critical va.lue, the more ra.pid 
degradation of the D.L. of the better plasma results in a. poorer D.L. 
I -
critical value 
43.1 43.2 
Fig. 43. Plot of x/b versus a, for Two Different Pla.smas 
when the Critical Va.lue of a, is (1) Positive, 
a.nd (2) Negative. 
a, 
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The second case is when the critical value of ~ is negative, 
In practice of course ~ (as distinct from the critical value) cannot 
be negative so in this case ~ always exceeds the critical value, 
However, as before, the better plasma is the one which gives the 
greater value of x/b when ~ = 0 and, as can be seen from Fig. 43.2, 
this plasma will give the greater value of x/b for all positive values 
of ~ 
It is not possible to evaluate the critical value of ~ , because 
it involves v, the factor relating the background measurement to the 
spectral radiancy of the background, and v cannot be estimated reliably, 
Itr is, therefore, not possible to use this criterion, namely that, if 
the critical value of ~ is positive, the better plasma gives the better 
D.L. if the measuring system has a dark current at unit gain ~ which 
is less than the critical value, while if ~ exceeds the critical value 
the better plasma gives the poorer D.L, This is particularly unfortunate 
as the criterion is of the type which can be described as a necessary 
condition in the sense that if it is satisfied the result holds, and 
if it not satisfied the result does not hold, Conditions which use 
measurable quantities are therefore sought : it will be seen that such 
conditions are not necessary, in the sense just discussed, but can be 
called sufficient, in the sense that if they are satisfied the result 
certainly holds, but if they are not satisfied the result may or may 
not hold, 
5.2.2. General Case. Sufficient Conditions for the Better Plasma 
to Give Better Detection Limits, 
If the curves cross at a negative value of ~ , as shown in Fig.43,2, 
the better plasma always gives the better D.L. If plasma 1 is better 
than plasma 2, so that p., /q1 > P2.f'k, a negative value for the 
crossing point (Equation 48) is obtained if g, p., /f1 > f!e"P2./f2 , 
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This is thus an appropriate sufficient condition. If it is satisfied 
then the better plasma gives the better D.L. If it is not, then the 
critical value of ~ is positive and the better plasma will give the 
better D.L. if the actual value of ~ is less than the (unknown) 
critical value, and the poorer D.L. if the actual value of ~ is 
greater, as in Fig. 43.1. The sufficient condition is thus seen to 
be more restrictive than necessary, ignoring the possibility that the 
critical value is positive and greater than the actual dark current. 
The condition for a negative value of the crossing point is 
Hence 
= 
= 
= 
From equation 17 
f _pg+R 
-l+Q.g 
g, P, ~p2 
---f, fa 
1 
(Pg, +R) (Pg2 +R) 
' 
-
1 
(Pg; +R) (Pg2 +R) 
1 
(Pg, +R) (P~ +R) 
= 
g,p.,(l+~) 
Pg, + R ---- 49 
[Pp, g, ~ + Pp., g, 2 g2 Q, + Rg, P, + Rg, 2p., Q, 
-Pp2g, ~ - Pp2g, g2 2Q, - ~P2 - Rg2 2P2cU--- 50 
[Pg, ~ (p., -p2) + P~ ~ (g, P, -g2P2) 
+ R(g,p.,-~Pz) + RQ(g,2p.,-g22pa)] ---- 51 
[Pg, ~ (p,-p2 )+(P~ ~+R)(g, P, -g2p2 )+RQ(g, 2p., -g22Pa 8 
---- 52 
Hence g,p.,lf1 > g2p2lf2 if p1 > Pa and g,p., > ~Pa and g,2p., > ~2Pa• 
Under these conditions, if p., I q1 > p2 I '<2 , the critical value of ~ is 
negative. If any of these conditions is not satisfied, predictions 
cannot be made. 
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Physically p1 > p2 means "tha"t plasma 1 is "brigh-cer" in -che 
sense -cha-c -che ne-e spec-cral radiancy of plasma 1 is grea"ter "than -cha-c 
of plasma 2. The condi -cion g, p1 > g2 1'2 can be re-wri nen g, up1 > 
Si up2 , which, since gup is "the ne-e signal (x-b), implies -cha-c -che ne-e 
signal from plasma 1, measured a"t a gain of g, is grea-cer "than "the 
ne-e signal from plasma 2, measured a-c gain g2 • The physical 
in"terpre"ta"tion of "the cri-cerion g, 2 P1 > g2 2 p2 which occurs only for 
-che general non-linear case, is no-c easily visualised. 
(Linear Cases). 
If "the dark curren-c depends linearly on "the gain, Q = 0 and "the 
condi"tions for a nega-cive value of ~ become less res-cric-cive, namely 
The condi-cions for "the -cwo special cases 
-crea-ced earlier are simpler s-cill. If a=~· "then f = g and "the 
condi -cion g, p1 > g2 p2 becomes p1 > p2 • If a=~, f=land"the 
~T 
condi -cion becomes g, P1 > Si P2 • 
5.2.4 General Case (Same Gain). 
If "the same gain is used for bo"th plasmas, "then "the single 
cri-cerion p1 > 1'2 is sufficien-c -eo ensure -cha"t -che cri"tical value of ~ 
is nega"tive bo"th for linear and for hyperbolic dependence of dark 
curren"t on gain. 
5.2.5 The Effec-c of "the Background Fac-cor en "the Cri-cical Value 
of -che Dark Curren-c. 
The cri-cical value of ~ is propor-cional "to v, so -cha"t a larger 
range over which -che rela-cively be-c-cer de"tec"tion limi"t is ob-cained from 
"the in-crinsically be"t"ter plasma could be ob"tained by increasing v, 
for example by using wider exi-c sli"ts. This, however, would lower 
"the value of x/b and so "the absolu-ce value of "the de-cec"tion limi"t 
would be degraded. 
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5.2.6 Other Factors Affecting the Detection Limit. (Effect of 
Dark C=ent, 
(x/b) depends hyperbolically on ~ 
!,_ gup +1 
b - gvq + f~ 
The detection limit is given by 
D.L. = 
2kc 
!,_1 
b 
(Equation 43) 
(Equation 39 if n = 2) 
where k is a constant and c the concentration which produces the 
observed value of x/b. 
Hence D.L. = 2kc 
gvq + f~ 
gup 
CV 2k 
=2kq-+-· pu gu 
c 
-f~ p -----53 
so that the detection limit depends linearly on the dark c=ent, 
D.L. 
Fig. 44. 
critical 
value 
Detection Limit plotted against Dark 
C=ent for Two Plasmas, 
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The bes~ (i.e. ~he lowes~) value of de~ec~ion limi~ is ob~ained 
wi~h zero dark curren~. I~ can be seen from equa~ion 53, ~ha~ ~he 
plasma wi~h ~he larger value of pfq gives ~he smaller D.L. for zero 
dark curren~ as is shown in Fig. 44. I~ is again seen ~ha~ if ~ 
exceeds ~he cri~ical value, ~he poorer de~ec~ion limi~ is ob~ained from 
~he ~trinsically be~~er plasma. 
5.2.7 (Effec~ of Gain). 
Equa~ion 53 also indica~es ~ha~ a small value of f/g is desirable 
in order ~o keep small ~he ra~e a~ which ~he D.L. is degraded wi~h 
dark curren~. This ra~io decreases as g increases, since for ~he ~e 
of hyperbola found (wi~h P, Q and R all posi~ive) ~he slope, while 
always posi~ive, decreases as g increases, so ~ha~ f grows more slowly 
while g grows a~ a cons~an~ ra~e. More rigorously, if ~he ra~io f/g 
is differen~ia~ed wi~h respec~ ~o g, ~he ra~e of increase is found ~o 
be nega~ive : 
Since 
So ~ha~ 
(Equa~ion 17) 
f Pg + R 
- = 
----------g + Qg2 g 
d(f/g) p Fg + R 
dg = g + Qg2 (g + Qg2 )2 • (1 + 2Qg) ---
Pg + PQC - Pg - 2PQg2 - R - 2RQg 
= ----(.,-g-+':"""";;Qg2"""0"'\)0'2 ----
- R - 2RQg - PQg2 
54 
55 
= -'(g-+"'""'QC,...,)""'2-- - - - - - - - - - - 57 
Thus d(f/g)dg is nega~ive for P, Q and R all posi~ive, so ~ha~ f/g 
decreases as g increases. 
Thus in general a large value of g is advan~ageous, so ~ha~ ~he 
effec~ of dark curren~ on D.L. is kep~ small. For a given dark curren~ 
~he effec~ of g on ~he D.L. is shown in Fig. 45. The excep~ional 
case, where ~he D.L. is independen~ of gain occurs when d(f/g) is zero. 
dg 
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When noreof P, Q. orRis nega"tive, "this condi"tion can only occur 
(since from equa"tion 23, P + R = 1 + Q.) for P = 1, ~ = 0, R = 0, which 
is "the case in which "the dark curren"t is amplified propor"tionally, 
like a signal. 
5.2.8 (Effec"t of Sensi"tiviyY). 
From equa"tion 53 i"t can be seen "tPa"t "the lowes"t de"tec"tion limi"t 
( wi "th a., = o) depends on a large value of E:. 12.... • This can be "though"t 
.· v cq 
of as ~q "times "the plasma sensi"tivi"ty p/c, "tha"t is, "the spec"tral 
radiancy for "the analy"tical signal divided by "the concen"tra"tion 
producing i"t. A small value of "the slope in Fig.44 is desirable 
and "this is ob"tained wi"th a large value of gup/cf, indica"ting again 
"the desirabili"ty of high sensi"tivi"ty. 
D.L. 
-- - - - - - - - - - --- a = ga1 
general case 
g=l gain 
Fig. 45. Dependence of De"tec"tion Limi"t on Gain. 
• 
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5.2.9 Cri~erion When Maximum Gain is Used. 
Fig. 45 shows "ha~, apar~ from ~he excep~ional case when dark 
curren~ behaves like a signal, ~he D.L. improves as ~he gain increases. 
Since i~ is no~ always known how "he dark curren~ depends on gain i~ is 
"herefore desirable always ~o use ~he gain which will fill ~he scale 
where ~his is possible. These gains depend on ~he na~ure of ~he dark 
curren~, and are ob~ained by equa~ing "he gross signal x "o ~he scale 
len~h A. 
The maximum gain has already been derived (equa~ion 28); i~ is a 
ra~her cumbersome expression which does no~ seem capable of simplifica~ion 
in ~he general hyperbolic case. I~ was shown in equa~ion 31, however, 
~ha~ when ~he dark curren~ depended linearly on ~he gain so ~ha~ 
A- Ha, 
c - X, -Ha, 
where, since a has ~he value a, a~ g = 1,, P + R = 1. There were we 
p~icular cases of in~eres~, P = 1, R = 0 co=esponding ~o a = ga., 
and P = 0, R = 1 co=esponding ~o a = a, • 
5.2.10 Special Case 1. Dark Curren~ versus Gain is a- S"raig"b~ Line 
Through ~he Origin. 
In ~his case "he dark curren~ is amplified like a signal (a = ga., ) 
and R = 0. 
The maximum gain C is "hus given by C = A/x, (from equa~ion 31), 
and by the use of equa~ion 1, 
C =A/( up + vq + a,) 
- - - - - - - - - - 58 
However in this case :x: and b are both proportional ~o the gain 
(equa~ions 8 and 9) so "ha~ x/b is independen~ of gain. I" follows 
~ha~, for We plasmas, ~he cri~ical value of a, a~ which ~he curves of 
x/b versus a, cross remains cons~an~, regardless of ~he value of ~he gain. 
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This critical value is obtained from equation 48 by putting f1 = ~ 
and f 2 = g2 • 
a, = - vq1 '<2 • ( ~ - Pz ) - - - - - - - - - - 59 
p1-Pz q1 '<2 
If, as before, the dark current at unit amplification is less than this 
critical value, the better plasma gives the better D.L. It should be 
noted too, that if plasma 1 is better than plasma 2 (so that p1 /q1 > p2 /'<2) 
and if plasma 1 has a higher spectral radiancy than plasma 2 (so that 
p., > p2 ), then the critical value of a, l.s necessarily negative. 
This corresponds to the conditions of Fig. 43.2 showing the in real 
conditions where the dark current cannot be negative, the better plasma 
(which gives the better D.L. for zero dark current) always gives the 
better D.L. 
5.2.11 Special Case 2. Dark Current versus Gain is 'a Horizontal 
Straigilt Line. 
In this case the dark current is constant, a = a, and R = 1 so 
that the maximum amplification C is given by 
C = (A - a, )/(x., - a, ) 
and hence by using equation 1 
C = (A - a, )/(up + vq) - - - - - - - - - - 60 
From equation 43, 
X gup 
gvq + a, + 1 - - - - - - - - - - 61 = 
so that at maximum amplification C 
X A-a., up 
= • + 1 62 b (~~~vq)• -----up + vq vq+a., 
Multiply top and bottom by up + vq 
X A-a., up(up + vq) 
= • (A-a., )vq + a, ( up+vq;+ 1 ----- 63 b up+ vq 
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Cancel and multiply out brackets 
X (A-a., )up 
+ 1 ------ 64 b --= A vq -,-a., vq + a., up + a., vq 
Cancel 
X (A-a., )up 
= + 1 ------ 65 b Avq + a., up 
If the better plasma gives the better D,L,, X., /b1 - X:!/b2 should have 
the same sign as P1 /q1 - P:!/~. 
Then 
= tA - a., ) [ UP1 
Av~ + a., UP1 
Aup1 v~ + a., u2 P1 p2 - Aup2 vq1 -a., u2 p1 p2 
= (A-a., ) (Avq1 + a., UP1 ) (Av~ + a., UP:!) 
(A - a., )Auv(P1 ~ - P2 q1 ) 
= (Avq1 + a., up1 ) (Av~ + a., UP:! ) 
(A -a., )Auv(P1 (q1 ·- ~~~ )q1 ~ 
= 
---- 66 
---- 67 
---- 68 
---- 69 
This always has the same sign as (P1 /q1 - P:!/~), Thus for dark 
current independent of gain, if the maximum amplification is used, the 
better plasma always gives the better D,L, 
5.2.12 Noise Proportional to Sguare Root of the Background, 
The previous results all apply to the case where the noise in the 
background is proportional to the background, which, by experiment, 
was shown in Chapter 4 to be true for our system, Other workers have 
reported a similar result 61•62 • However, cases where the noise is 
determined by the square root of the background have also been reported67, 
67. A, Danielsson and E, Soderman, I,C,P. Information Newsletter, 
1977. 2, 267. 
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In these cases, as was pointed out in Section 5.2, the detection limit 
is a function of the exposure time. For a given exposure t~e it will 
be proportional tolb/(x-b). It will then be optimised when b/(x-b)2 
is minimised, and this squared ratio is more tractable for mathematical 
manipulation. 
5.2.13 General Case (Necessary and Sufficient Conditions). 
As before, 
a = fa, (equation 7) 
b. = g(b1 -a, ) + fa, where b1 = vq + a, (equations 9 and 2) 
x = g(x., -a, ) + fa, where x., = up+vq+a., (equations 8 and 1) 
so that x-b = g(x., -a, -b1 +a, ) = g(x., -b1 ) = gup ------ 70 
Then 1i - gvq + fa, 
..,.(-x-....,b""").,-2 = f!!- u2 p2 71 
Just as previously the crossing point of two curves of x/b plotted 
against a, was of interest (Section 5.2.1), now the crossing point of 
two curves of b/(x-b)2 is derived as the value of a, for which 
= --- 72 
This is zero when, re-arranging the second bracket, 
~ ('•"'"''-'•"''"1- ( q, B2:2) g, 215e2P., 2Pz2 - -v• g,p.,2 - --- 74 
vg,2 B22P., 21>22 ( q, 
B2:2) 
i.e. when a, = f, 82 21>22 -fz g, 2 p., 2 g, p,2 --- 7' 
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which, on mul-ciplymg in-eo -che bracke-c by -che fac-cor g, 82P12p2 2 and 
-caking ou-c -che fac-cor q1 ~ 
------ 76 
which, on rearranging -che order so -cha-c plasma 1 appears firs-c and 
-v 
= f1 f2 
This gives -che value of ~ a-c which -che curves cross and jus-c 
as before (Sec-cion 5.2.1) leads -eo a necessary condi-cion for -che be-c-cer 
plasma -eo give -che be-c-cer D.L. This condi-cion is once again unusable, 
for -che same reason, namely ignorance of -che value of v. As before 
a sufficien-c condi-cion, more res-cric-cive -chan necessary, is ob-cainable 
by examining under wha-c circums-cances -che value of ~ a-c -che crossing 
poin-c -cakes a nega-cive value. I-c is apparen-c from equa-cion 77 -cha-c if 
plasma 1 is -che ben er, so "Cha-c P1 I q1 > p2 I~ , such a condi -cion is -cha-c 
g, 2P12If1 > 822p22 /f2 , and -chese quan-ci-cies are now examined. 
= 1 (Pg, +R) (Pg2 +R) 
= 
= 
g2p2 (1 + Qe;) 
;?g+R 
g,2P12(1 + Qg,) 
from equa-cion 17 
Pg, + R P82 + R --78 
[ (g,2P12+Qg,'P12 )(Pg2+R)-(g22p22+Qg23p2 2 )(Pg, +R)J 
---79 
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1 [g,2&!Pp1 2 + g,3g2PQ:p.,2 + g,2p.,2R + g,3p.,2RQ 
= (Pg,+R)(Pgz+R) 
-g, &.!2~2-g, gz3PQp22 _ gz2p22R _ &!3p22RQ] ---80 
= (Pg,+~)(P&!+R)[Pg,g2(g,p.,2-&!P22) + R(g,2p.,2-&!2Pz2) 
+ PQg, &.! (g, 2p., 2 _&.!2 Pa2) + RQ(g, 3 p., 2 _&.!3 Pa2 ~ 
= Pg,&!(g,p1 2_&!Pz2) + (PQ.g,&! + R)(g,2p.,2-&!2Pz2) + RQ(g,3p.,2-&!3p22) 
(Pg, +R) (Pg2 +R) 
P, Q and R are all positive, so that this expression will certainly 
be positive if 
g,p.,2 > &!Pa2 
and g,2p.,2> g22Pa2 (or g,p., > &!Pa since g and pare positive by 
definition) 
and g,3p.,2> &!3Pa2 
Under these conditions, if p.,/q1 > p2 /~, equation 77 shows that the 
criticaL value of ~ is always negative. 
5.2.14 (Linear Cas~s) 
As before, the conditions are less restrictive if the dependence 
of dark cu=ent on gain is linear, so that Q = 0 in the expression for f 
(equation 17) • Then the condi -eions are, from equation 82 
g,p.,2 > g2p22 
and g, 2p., 2> &!Pa2 
These conditions are included in the simpler but more restrictive subset 
These -ewo conditions also apply for the special case a = ~ , 
i.e. f = g, since the term inside the bracket in equation 77 has to be 
positive as well as the factor outside. 
However, for the special case a = ~ the single criterion 
81 
82 
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5.2.15 General Case (Same Gain) 
li "the same gain is used for "the -cwo plasmas, "the siggle condi"tion 
P1 >P;a is adequa "te. 
5.2.16 Cri-ceria When Maximum Gain is Used, 
As in "the case of "the noise being propor"tional "to "the background, 
"the effec"t of working at the maximum gain (i.e. "the gain a"t which "the 
amplified gross signal gives full scale on "the measuring instrumen"t) 
is now examined for "the case of "the noise depending on the square roo"t 
of the background, This is because as was shown earlier (Sec"tion 5.2.7), 
in mos"t cases "the D.L. improves as "the gain is increased. 
As before, "the expression for the maximum gain in "the general case 
has been found "to be "too complica"ted "to be useful. Here, for brevi"ty, 
only the two special cases, namely, a = ga, and a = a, will be considered. 
These are where the dark curren"t behaves like an analy"tical signal so 
tha"t a = ga, , and where "the dark current is cons"tan"t so "tha"t a = a, . 
5.2.17 Special Case 1. Dark Curren"t Versus Gain is S-craigh"t Line 
Through The Origin. 
In "this case "the dark curren"t is amplified like a signal so "tha"t 
f1 = ~ and f 2 = gz , 
From equa"tion 58 "the maximum gain, "tha"t is "the gain for which "the 
gross signal fills "the scale, is A/ (up + vq + a, ) • 
Then from equa"tion 72, 
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= 
and by cancelling g' s 
---83 
and by substi~tion for g 
vq1 + a, VCJ.a + a, 
= u2 p., 2 A (up., +vq1 +a, ) - u2 P2 2 A ( UP2 +VCJ.a +a, ) 
1 
= u2A 
+ up., a, + vq1 a, + a, 2 
- UVl'z CJ.a + v2 CJ.a 2 + a, VCJ.a + up,., + "'"" + .,, ) 
P22 
1 
(:q1 
v2 q, 2 2a., vq1 ua., a.,2 
= u.2A + p.,2 + p.,2 + + p.,2 p., 
- UVCJ.a v2 CJ.a 2 
-
2a., vqz ua., a.,2 ) --- P22 P22 P22 P2 P2 
= 
_1 [ uv ( ~ -~) + v2 ( ~ CJ.a2) + 2a., V 
u2 A p., P2 p., 2 P22 
+ ua., ~~-~)+a.,2 (:,- ~')] 
---84 
---85 
---86 
(~ p.,2 ~') 
---87 
For DL, to be better than DLz, this quantity must be negative. It will 
certainly be so if p., > P2 and p., > p2 , so that if the better plasma has 
q1 CJ.a 
also the greater radiancy for the spectral line in question, it must give 
the better D.L. 
These conditions are more restrictive than is necessary, because 
they require each of the five terms individually to be negative, whereas 
the requirement of interest is only in the sum being negative. Thus 
it is possible that the better D.L. may be obtained from the better 
plasma even if the radiances are not related p., > p2 • 
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The circums'tances under which 'this is so can be deduced by 
b1 b2 
finding cri 'tical values of a, where the curves of (x, -b
1 
)2 and 7( __ :12 __ -;b-
2
')"2 
cross. Since these quan'ti'ties now depend quadratically on a,, there 
are now 'tWo crossing poin'ts. 
that is 
a, 2 (p2 2 -p., 2 ) [u(p2 -p., ) + 2v(P?. 2 q1-p., 2 qz )l 
p12P22 +a, P.,P2 p.,2p22 J 
+ --~q.; :. p., qz) + ve (P?.2q12 _ p.,2qz2) = 0 
p., Pz P1 2 P2 2 
---89 
'tha't is 
= 0 ---90 
To solve 'the quadra'tic equation A a, 2 + B a, + C = 0, we require 'the 
0 0 0 
value of IB 2-4A C 
0 0 0 
Here 
B
0
2-4A
0
C
0 
= u2(P?.-P., )2p.,2p22 + 4v2(p22q1 -p.,2qz)2 
+ 4uvp., P?. (P?. -p., ) (P?. 2 q1 -p., 2 qz ) 
- 4uvp1 P?. (P?. q1 -p., qz ) (P?. 2 -p., 2 ) 
- 4v2 (P?.2-p.,2 )(P?.2q12-p.,2qz2) 
= u2 (P?. -p., )2 p., 2 p22 
---91 
+ 4v2 (P?. 4 q12+p., 4 qz 2 -2p., 2 P?. 2 q1 qz -P?." q12 +p., 2 P?. 2 q1 2 +p., 2 p2 2 qz 2 -p., 4 qz 2) 
+ 4uvp.,P?.(P?.-P., )(P?. 2q1-p., 2qz-P2 2 q1-p.,p2q1 + P1P2qz + P., 2qz) 
---92 
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= u2 (p2-p1 )2p., 2p22 
+ 4v2p.,2p22(q12 + ~2 _ 2q1 ~) 
+ 4uVJJ1 2 Pz 2 (p2 -p., ) ( ~ -q1 ) 
= P1 2 P2 2 C U2 (p2 -p., )2 + 4uv(p2 -p1 ) ( ~ -q1 )+4v2 ( ~ -q1 )2 J 
= p.,2Pz2[u(Pz-p.,) + 2v(~-q1 )J2 
so that /B 2_4A C -= p., Pz Cu(p2-p1 )+2v(~-q1 )J 0 0 0 
Then. using the standard solution of a quadratic equation, 
~ = 
-B :!;IB 2_4A c 
0 0 0 0 
2Ao 
i.e. 
Consider first the root with the negative sign 
-2u(p2-p., )p.,Pz - 2v[Pz 2 q1-P., 2 ~ + P.,Pz(~-q1 )] 
~ = 2(Pz2-p.,2) 
= 
= 
= 
-U(Pz -p., )p., Pz - v(Pz 2 q1 -p., 2 ~ + P., Pa ~ - P1 Pa q1 ) 
Pz2-p.,2 
-U(Pz-P., )p., Pz-V[q1 Pz (Pz-P.,) + ~P., (Pz-P., )J 
Pz2-p., 2 
-up., Pa - v(q1 Pa + ~p.,) 
---93 
---94 
---95 
---96 
---97 
---99 
---lOO 
--- 101 
--- 102 
This is always negative since all the variables are necessarily positive , 
and hence of no interest. 
Consider now the root with the positive sign. 
-2v(Pz 2 q1-P., 2 ~) + ~Pz(~-q1) 
~ = 2(Pz2-p.,2) ---103 
= Pz 2 =~ 2 -(Pz 2 q.,--P1 2% -p., Pz '<2 +p., Pz q1 ) ---104 
+ ~Pz) --- 105 
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-vq1 '<2 
(: (p2 + P1) i'1 (p2 + p1 )) --- 106 = -~2-~2 q1 
-vq1 '<2 (: :2.)= - vq1 '<2 (~- ~) = - --- 107 ~-~ q1 ~-~ q1 '<2 
This is the root of interest. This value for the crossing point of 
the curves of b/(x-b)2 when the maximum gain is applied is in fact 
identical to that previously obtained (equation 59) for the crossing 
point of the curves x/b for the same kind of linear dependence of dark 
current on gain. The identity of the results seems surprising, but 
is probably of little fundamental significance. 
5.2.18 Special Case 2. Dark Current Versus Gain is a Horizontal 
Straig±lt Line. 
In this case a = ~ so that f = 1. It follows that R = 1 
(Section 5.1.5) and hence from equation 31 that the maximum useful gain 
is given by 
A-~ 
g=C= 
up+ vq ---108 
Then from equation 71 
A-~ 
b up+vq •vq+~ 
(x-b)2 = (A - ~ )2u2p2 --- 109 
(up + vq)2 
(A- ~ )vq(up + vq) + ~(up + vq)2 
= (A - ~ )2u2p2 ---110 
= (A ~ ~ ) ;. : ' (;+ ::}:+(A ~ ~ )2 (l+ :: ) 2 --111 
This is an increasing function of qfp or a decreasing function 
of pfq. Hence the larger pfq is, the smaller b/(x-b)2 and hence 
the D.L. Thus under maximum amplification and in conditions of 
constant dark current, the best DLs are obtained from the best plasma. 
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5.2.19 Noise Propor•ional •o Any Power of •he Background. 
dark curren• independen• of gain, •he bes• D.L. is ob•ained from •he 
bes• plasma bo•h for linear and square roo• dependence of noise. I• 
•h is of in•eres• •o examine whe•her a similar resuJ.• is •rue for an n 
power dependence regardless of •he value of n. 
expressing b/(x-b)n as a func•ion of p/q. 
This is done by 
Equa•ion 71 may be generalised •o read 
b 
(:x: - b)n 
b 
(:x: - b)n = 
= 
= 
A-- a, 
up+vq 
.vq+a., 
fA- a, )nunpn 
up + vq)n 
--- 112 
--- 113 
(A - a, )vq(up + vq)n-l + a, (up + vq)n 
1 
(A - a, )n-1 • 
vq 
up 
--- 114 
(l + uvpq)n-1 + a, 
\ (A-a., )n 
which always increases wi•h q/p, or decreases wi•hp/q provided n is 
posi•ive. The resul• is •hus general for cs- (b) = kbn for any 
posi•ive value of n. 
--11 
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~ Summary of Deduc"ions. 
The impor"an" a.rgumen"s and deduc"ions con"ained in "his chap"er 
may be summarised "hus. 
a) The measured ne" ra"io of signal "o background is no" independen" 
of "he spectrometer, but the plasma wi"h the highes" radiance ra"io will 
give "he highest measured ne" ra"io on any spectrome"er, irrespec"ive of 
"he gain on the P.M. "ube and whe"her "he dark curren" is constant or 
amplified along wi"h "he signal. 
b) It is desirable "hat the be"ter plasma should yield the better 
detection limits on any spectrometer and "he conditions under which this 
result may be obtained are summarised in Table 10 for the "hree types 
of dark current that have been observed in this laboratory, for two 
ways in which the noise in the background depends on "he background, 
and for three relations between the gains used. Plasma 1 is taken to 
be the better, so that P1 /q1 > p2 /CJ.2. 
c) The necessary conditions, i.e. those which determine rigorously 
whether the better plasma does or does not give the better D.L., are not 
tabulated, since the criteria cannot be reliably evaluated because the 
factor v is unknown. Sufficient conditions are given: if "he conditions 
are satisfied "hen the desired result is obtained while if "hey are not 
the desired result may or may not be obtained. The quantities involved 
in these criteria, which are more restrictive than the necessary 
conditions, are expressible in terms of g and p, or equally in terms of 
g and up, since P1 > P2 can be replaced by uP1>uP2. It has been 
shown (equation 70) that x-b = gup so that up can be evaluated from 
(x-b)/g, physically measurable quantities. The criteria are tabulated 
in Table 11 in terms of the measurable quantities : gross signal, gross 
background and gain (x, b, g and x1 , b1 , g1 for the two plasmas). (See 
footno"e on page 119). 
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TABLE 10. 
Sufficien~ Condi~ions under which ~he be~~er plasma 
g!ves ~he be~~er D.L. on a g!ven SJ2eC~rome~er. 
Pg + R 
a=l+Qg• a, a = ga., a=a., 
Any gains :p.,>1'2 :p.,>1'2 1!\1 :p., > g21'2 
g,,gz and g, :p., > gz p2 
and 1!\1 2 :p., > g'z 21'2 
~ 
11 Same gain :p.,>1'2 :P., > P2 P1 > 1'2 
....... 
.c 
~ 
la 
Ma.x. g,* Too complica~ed :p.,>1'2 No res~ric~ion 
Ma.x. gz* ~o use. 
kD.y gains g; :p., 2> g21'2 2 1!\1 :P., 2>g2 P22 1!\1 2 :p., 2>gz21'22 
g;,gz and g; 2 :p., 2>gz 2 p2 2 and g; 2 :p., 2> g2 2 P2 2 ! 
and g; 3 :p., 2>gz 31'2 2 
~ 
11 
....... Same gain :p.,>1'2 :p., > P2 :p.,>1'2 
.c 
~ 
b 
Ma.x. g;* Too complica~ed :p.,>1'2 No res~ric~ion. 
Ma.x. gz* 'to use. 
* ~o fill ~he scale. 
:tl 
; 11 
,.-... 
..0 
........ 
$ 
11 
,.-... 
..0 
........ 
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TAllLE 11. 
Sufficien• condi•ions under which •he be••er plasma 
gives •he be••er D.L. on a given spec•rome•er. 
Pg + R 
a=l+Qg .a., a = ga., a=a., 
.Any gains x-b > x1-b1 x-b > x1-b1 x-b > x
1
-b1 
B1. g2 g g1 g g1 
and x-b > x1-b1 
and g(x-b )>g(x1 -b1 ) 
Same gain x-b > x1-b1 x-b > x1-b1. x-b > x1-b1 
11 
Ma.x. &~* Too complica•ed x(x-b)>x1 (x1 -b1) No res•ric•ion.l 
I 
Ma.x. g2* to use. 
I' 
I 
Any gains x-b > x1-b1 x-b x1-b1 --> x-b > x1-b1 
B1·~ fi .;gr fi ff 
and x-b > x1-b1 and x-b > x1-b1 
and /g(x-b )>,(g1 (x1 -b1 ) 
Same gain x-b > x1-b1 x-b > x1-b1 x-b > x1-b1 
I 
Ma.x.B1 * Too complica•ed /i(x-b )>jX'I (x1-b1 ) No res•ric•ion. 
Ma.x.~* •o use. 
wo differen• plasmas and should no• be confused wi•h •he 
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hl Conclusions. 
It follows from the deductions made in this chapter that the 
intrinsic merit of two or more plasmas can be compared on a spectrometer 
by comparing their net signal to background ratios. The plasma with 
the highest net signal to background ratio will be the best plasma on 
A given plasma may give different values for this 
ratio on different spectrometers but the order of two plasmas will 
remain unchanged. 
If two plasmas are examined at the same gain on any spectrometer, 
the better one will give the better D.L. if it also gives the greater 
net signal. If different gains are used, simple criteria involving 
the gains can be used similarly. If these criteria are not satisfied, 
the better plasma may or may not give the best D.L. at the gains used. 
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CHAPTER 6. 
FURTHER EXl'ERIMENTS FOLLOWING IMPROVEMENTS TO TEE 
MEASURING SYSTEM. 
' wi•h sodium a• 5890A us~g a 10 p.p.m. solu•~on and •he full gain 
(X1024) of •he polychroma•or in order •o produce a readable background. 
Improvemen•s were also made •o •he measuring sys•em as follows: 
Sec•ion 6.1 Use of D.V.M. and a lM ohm resis•or. 
po•en•ial drop across •he lM ohm resis•or R70l (Fig. 32) was measured. 
Table 12. The nomencla•ure of Fig. 36 ~s used, and will be here on. 
(No•e: The SC 15 genera•or had been serviced and was able •o prov~de 
higher powers) • 
Table 12. Heigh•/Power/Emiss~on Rela•ionships. 
Sodium 5890A line. 
(i) 
Plasma gas flow 4.5 t/min. Ax. 
Nebuliser gas flow 2.0 t/min. Ax. 
Coolam; gas flow 20.0 t/min. N2 
(a) = 0.077 vol•s. 
Power Heigh• b X 
kW ems. vol•s vol•s 
0.67 2.74 .077 0.350 
3.24 .077 0.318 
4-24 .077 0.250 
5.24 .077 0.207 
6.24 .077 0.162 
•he chloride, 10 p.p.m. 
x-b 
x;b X- b 
vol•s b - a 
0.273 4-5 * 
0.241 4.1 * 
0.173 3.2 * 
0.130 2.7 * 
0.085 2.1 * 
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Power Heigh-c b X x-b x; X- b kW ems. vo1-cs vol"Cs vo1-cs. 
---2. b- a 
7.24 .077 0.120 0.043 1.6 * 
0.81 2.74 .079 0.415 0.336 5.4 * (168) 
3.24 .077 0.407 0.330 5.3 * 
4.24 .077 0.342 0.265 4.4 * 
5.24 .077 0.301 0.224 3.9 * 
6.24 .077 0.264 0.187 3·4 * 
7.24 .077 0.221 0.144 2.9 * 
1.04 2. 74 0.079 0.449 0.370 5.7 * (185) 
3.24 0.078 0.447 0.369 5.7 * (369) 
4.24 0.078 0.461 0.383 5.9 * (383) 
5.24 0.078 0.457 0.379 5.9 * (379) 
6.24 0.078 0.436 0.358 5.6 * (358) 
7.24 0.077 0.354 0.277 . 4.6 * 
1.22 2. 74 0,081 0,508 0,427 6.3 * (107) 
3.24 0,080 0.517 0.437 6.5 * (146) 
4.24 0,080 0.537 0.457 6.7 * (152) 
' 
5.24 0.078 0.534 0.456 6.9 * (456) 
6.24 0.078 0.444 0.366 5.7 * (366) 
7.24 0.078 0.318 0.240 4.1 * (240) 
1.44 2.74 0.082 0.555 0.473 6.8 * (95) 
3.24 0.081 0.542 0.461 6.7 * (115) 
4.24 0.080 0.550 0.470 6.9 * (156) 
5.24 0.079 0.534 0.455 6.8 * (227) 
6.24 0.078 0.356 0.278 4.6 * (278) 
7.24 0.078 0.272 0.194 3.5 * (194) 
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(ii) 
Plasma gas flow 15.0 J./min. Ax. RD 150 generaoor. 
Nebuliser gas flow 5.0 J./min. Ax. Concenoraoion of ohe elemeno as 
Coolano gas flow 34.0 J./min. N2 ohe chloride, 10 p.p.m. 
Power Heigho b X X- b 
x;b x-b kW ems. volos volos, vo1os, b- a 
1.84 2.28 0.465 2.048 1.583 4·4 4 
2.58 0.135 1.425 1.290 10.6 22 
3.08 0.109 1.308 1.199 j12.o I 37 
3.58 0.099 0.996 0.897 10.1 41 
4.08 0.090 0.619 0.529 6.9 41 
4.58 0.090 0.396 0.306 4.4 24 
2.57 2.28 1.148 2.877' l. 729 2.5 1.6 
2.58 0.235 1.446 1.211 6.2 7.7 
3.08 0.144 1.349 1.205 9.4 18 
3.58 0.119 0.991 0.872 8.3 21 
4.08 0.110 0.344 0.234 3.1 7.1 
4.58 0.077 0.300 0.197 2.9 * 
3.35 2.28 2.287 3.067 0.780 1.3 0.4 
2.58 0.395 1.792 1.397 4.5 4·4 
3.08 0,207 1.529 1.322 7.4 10.2 
3.58 0.160 0.471 0.311 2.9 3.8 
4.08 0.145 0.419 0.274 2.9 4 
4.58 0.141 0.351 0.210 2.5 3·3 
4.33 2.28 2. 711 4.357 1.646 1.6 0.6 
2.58 0.979 2.205 1.227 2.3 1.4 
3.08 0.347 0.696 0.349 2.0 1.3 
3.58 0.257 0.594 0.337 2.3 1.9 
4.08 0.233 0.521 0.288 2.3 1.9 
4.58 0.220 0.414 0.194 1.9 1.4 
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Power Heigho b X X- b x/ X- b kW. ems. volos. volos. volos. 
..-l?. b- a 
5·44 2.28 4.554 6.917 12.3631 1.5 0.53 
2.58 l. 753 2.870 1.117 1.6 0.67 
3.08 0.636 1.046 0.410 1.6 0.73 
3.58 0.448 0.972 0.524 2.1 1.41 
4.08 0.382 0.732 0.350 1.9 1.15 
4.58 0.368 0.578 0.210 1.6 0.72 
6.54 2.28 17.1701 19.2611 2.091 1.3 0.29 
2.58 3.402 3.665 0.263 l.l 0.08 
3.08 1.386 1.900 0.514 1.4 0.39 
3.58 0.911 1.519 0.608 1.7 0.73 
4.08 0.709 1.086 0.377 1.5 0.60 
4.58 0.660 0.906 0.246 1.4 0.42 
D Max:unum values. 
* Since ohe dark curreno was 0.077 ~ 0.001 millivolos ohe " oeso of 
significance showed ohao ohe b - a resulos were unreliable for 
95% confidence. 
In ohese laso experimenos, Table 12 (ii), ohe gross signal So~ll 
~creased wioh power buo ohe ne" signal, ao a given heigho, passed ohrough 
a max:unum (which could be ohe norm oempera"t;Ure). Io was felo ohao ohe 
~gher values obo~ned for ohe neo raoio (xb-b) were valueless since ohe 
-a 
D.V.M. could noo be read wioh an accuracy ohao would make ohe readings 
meanmgful. 
Secoion 6.2 Use of D.V.M. and lOM.ohm resisoor. 
The D.V.M. was made oo read across a lOM.ohm resisoor, which is ohe 
largeso res~soor which could be used wiohouo inc~g-- excessive noise 
and leakage effecos, replacing R701 (Fig.32) in order oO read ohe dark 
curreno more accuraoely and ohe experimeno repeaoed for higher powers only. 
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The resul•s ob•ained are oabula•ed in Table 13. A~n •he gross 
s~gnal ~creases w~•h power and •he maximum values of ne• and gross ra•io 
appear a• almoso •he same power and heigh•s as before and •hese values 
would give •he lowes• de•ec•ion limi•. Th~s •ime •he neo signal does 
no• go •hrough a maximum. However, •here were indica•ions •ha• •he 
pho•omul•iplier oubes may have been exposed •o •oo much ligh• a• •oo 
high a gain, so •ha• no• •oo much reliance can be placed on •hese resul•s. 
Table 13. Heigh•/Power/Emission Rela•~onships. 
Sodium 5890A line. Digioal Volmeoer Read~gs. 
10 meg. ohm. Resisoor. 
Plasma gas flow 15.0 !./min. Ar. 
Nebuliser gas flow 5.0 !./min. Ar. 
Coolan• gas flow 34.0 !./min. N2 • 
a= 0.00456 vol•s. 
ohe chlor~de, 10 p.p.m. 
Power 
kW. 
2.11 
2.57 
Heigh"t; 
ems. 
2.11 
2.26 
2.76 
3.26 
3.76 
4.26 
2.11 
2.26 
2.76 
3.26 
3.76 
b X 
volos. volos. 
1.952 3.286 
.498 1.696 
.058 1.240 
.032 1.147 
.023 .871 
.018 .531 
2.949 4.472 
.866 2.436 
.107 1.508 
.056 1.275 
.040 0.726 
X- b x; X- b 
volos. __E.. b- a 
1.334 1.68 0.69 
1.197 3.41 2.42 
1.182 21.38 22.30 
1.114 35.84 39.79 
0.8479 137.871 45.59 
0.5127 29.50 37.42 
1.523 1.52 0.52 
1.569 2.81 1.82 
1.401 14.09 13.72 
1.218 22.77 23.42 
0.6902 18.15 19.50 
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Power Heiglrc b X X- b x; X- b kW. ems. vol'Cs, vol'Cs. vol'Cs, 
__£. b- a 
3.08 2.11 4.247 6.079 1.837 1.43 0.43 
2.26 1.453 3.213 1.76 2.21 1.22 
2.76 .194 1.808 1.613 9.32 8.49 
3.26 .086 1.286 1.199 14.95 16.62 
3.76 .063 0.638 0.575 10.13 9.76 
4.45 2.11 8.150 10.312 2.162 1.27 0.27 
2.26 3.224 5.398 2.174 1.67 0.68 
2.76 .618 2.588 1.969 4.19 3.21 
3.26 .209 .848 0.6385 4.06 3.12 
3.76 .179 .784 0.6057 4.38 3.48 
4.26 .135 .630 0.4949 4.67 3.78 
4.76 .115 .448 0.3337 3.90 3.03 
5.5 2.11 10.145 12.545 2.40 1.24 0.24 
2.26 5.115 7.608 2.493 1.49 0.49 
2.76 1.222 2.784 1.129 2.28 1.28 
3.26 .423 1.158 0.735 2.74 l. 76 
3.76 .289 1.134 0.844 3.92 2.96 
4.26 .237 .816 0.5796 3.44 2.50 
4.76 .198 .547 0.3498 2.76 1.81 
6.47 2.11 [12.2251 114.7451 2.52 1.21 0.21 
2.26 7.465 10.186 12. 7d 1.36 0.36 
2.76 2.050 2.698 0.648 1.32 0.32 
3.26 0.779 1.922 1.142 2.47 1.47 
3.76 0.504 1.502 0.998 2.98 2.00 
4.26 0.372 1.020 0.647 2.74 1.76 
4.76 0.296 0.669 0.373 2.26 1.28 
D maximum values 
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Sec•ion 6.3 F.E.T. Measuring Sys•em. 
In v~ew of •he resul•s ob•aLned in sec•ions 6.1.1 and 6.2.1 
major changes were now made •o •he measuring se•. The profiling 
valve (Fig. 32) was replaced w~•h •he circui• shown in Fig. 46. 
From P .M. tube 
2200 pf lM 
Em1tter follower 
1mpedance changer 
lK 
F.E.T. MOPA Recorder Q-100 mV 
------------- --- ---- - -- -- --- -- --- -- -------
Fig. 46. F.E.T. Measuring sys•em. 
Sec•ion 6.3.1 Sodium Resul•s. 
Using •he equipmen• de•a1led in F~g. 46 •he expenmems were 
repea•ed and •he da•a ob•ained for sodium is •abula•ed in Tables 14 •o 20. 
Table 14. Heigh•/Power/Emiss1on Rela•~onsh~ps. 
Sodium 5890A l~ne. F.E.T. Recorder Readings. 
SC 15 genera•or. - Na 10 p.p.m., as •he chloride. 
Power in plasma 0.67 kW. Gas flows as in Table 12. 
Top of cell (cm.) 2.44 
Top of plasma (cm.) 1.1 (unreliable because of difficul cy in loca•ing 
•he •op of •he plasma). 
Heigh• a b X b- a X- b x/b. X- b 
cm. Gain. !!!:!: • mv. !!!:!: • mv. mv. b- a 
2.46 4 27.1 27.7 57.0 * ( .6) 29.3 2.1 * 
2.60 4 27.1 27.3 58.0 * ( .2) 30.7 2.1 * 
3.10 4 27.1 27.3 57.0 * ( .2) 29.7 2.1 * 
3.60 4 27.1 27.4 56.7 * ( .3) 29.3 2.1 * 
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Heig!n a b X b- a X- b x/ X- b 
cm. Gain. !!!!· mv. !lE!· mv. mv. b. b - a 
4.10 4 27.1 27.3 55.0 * ( .2) 27.7 2.0 * 
4.60 4 27.1 27.2 53·4 * ( .1) 26.2 2.0 * 
5.10 4 27.1 27.2 51.1 * ( .1) 23.9 1.9 * 
6.10 4 27.1 27.1 46.0 * 18.9 1.7 * 
7.10 4 27.1 27.1 39.0 * 11.9 1.4 * 
* Since ohe dark curren• was 27.1 ~ .5 mill~volos ohe • oeso of 
significance showed ohao ohe b - a resulos were unreliable for 
95% confidence. 
Table 12. Heigh•iPoweriEmiss~on RelaoionshiES• 
• Sodium 5890A line. F.E.T. Recorder Readings. 
se 15 generaoor. Na 10 p.p.m., as ohe chloride. 
Power in plasma 1.19 kW. Gas flows as in Table 12. 
Top of cell (cm.) 2.52 
Top of plasma (cm.) 0.66 
Heigho a b X b- a X- b x/ X- b 
cm. Gain. !!!!· !!!!• !!!!· mv. mv. _E.. b- a 
2.52 4 26.9 27.9 94·3 1.0 66.4 3.4 66 :t 33 
2.66 4 26.9 27.3 76.0 * C.4) 48.7 2.8 * 
3.16 4 26.9 27.2 75.5 * ( .3) 48.3 2.8 * 
3.66 4 26.9 27.1 69.9 * (.2) 42.8 2.6 * 
4.16 4 26.9 27.1 65.1 * ( .2) 38.0 2.4 * 
4.66 4 26.9 27.1 61.0 * ( .2) 33.9 2.3 * 
5.16 4 26.9 27.1 53.5 * ( .2) 26.4 2.0 * 
6.16 4 26.9 27.1 51.8 * (.2) 24.7 1.9 * 
7.16 4 26.9 27.1 46.0 * ( .2) 18.9 1.7 * 
8.16 4 26.9 27.0 39.9 * ( .1) 12.9 1.5 * 
* Unrehable for reasons soaoed earlier. 
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Table 16. Heigh"LPowerL~ss~on Rela"ionsh~ES• 
Sodium 589oA hne. F.E.T. Recorder Readings 
RD 150 genera"or. Na 10 p.p.m., as "he chlor~de. 
Power in plasma 1.28 KW. Gas flows as ~n Table 12. 
Top of cell (cm.) 2.20 
Top of plasma (cm.) 2.18 
Heigh" a b X b- a X- b x/ X- b 
cm. Gain. !'!:!:. !'!:!:. !'!:!:. mv. mv. b. b- a 
2.43 2 24.2 26.1 48.3 1.9 22.2 1.9 12 
2.68 2 24.2 25.9 53-4 1.1 27.5 2.1 16 
2.93 2 24.2 26.0 52.4 1.8 26.4 2.0 15 
3.18 2 24.2 26.0 53.1 1.8 27.1 2.0 15 
3-43 2 24.2 26.0 55.8 1.8 29.8 2.1 17 
3.68 2 24.2 26.1 56.0 1.9 29.9 2.1 16 
3-93 2 24.2 26.0 51.8 1.8 25.8 2.0 14 
4.18 2 24.0 26.0 47.8 1.8 21.8 1.8 12 
4.68 2 24.2 26.3 47-4 2.1 21.1 1.8 10 
5.18 2 24.2 26.1 45.0 1.9 18.9 1.7 10 
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Table 11. Hei~ciPoweriEmiss~on RelacionshiEs• 
Sodium 5890A hne. F.E.T. Recorder Readings 
se 15 genera cor. Na 10 p.p.m., as che chloride. 
Power ~ plasma 1.42 KW. Gas flows as in Table 12. 
Top of cell (cm.) 2.46 
Top of plasma (cm.) 1.10 
Heighc a b X b- a X- b x; x-b 
cm. Ga~n. mv. mv. mv. mv. mv. __.£.. b- a 
2.46 4 27.0 28.2 94.5 1.2 66.3 3.4 55 :!: 22 
2.60 4 27.0 27.6 97.3 * ( .6) 69.7 3.5 * 
3.10 4 27.0 27.2 80.2 * ( .2) 53.0 2.9 * 
3.60 4 27.0 27.1 83.2 * (.1) 56.1 3.1 * 
4.10 4 27.0 27.1 85.8 * ( .1) 58.7 3.2 * 
4.60 4 27.0 27.1 73.0 * ( .1) 45.9 2.7 * 
5.10 4 27.0 27.2 61.0 * ( .2) 33.8 2.2 * 
6.10 4 27.0 27.1 49.0 * (.1) 21.9 1.8 * 
7.10 4 27.0 27.1 42.0 * ( .1) 14.9 1.5 * 
8.10 4 27.0 27.1 37.2 * ( .1) 10.1 1.4 * 
* Unreliable for reasons scaced earlier. 
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Table 18. Heish•iPoweriEmission RelaoionshiES• 
Sodium 5890A line. F.E.T. Recorder Readings 
RD 150 genera,;or. Na 10 p.p.m., as ,;he chloride. 
Power in plasma 2.03 KW. Gas flows as in Table 12. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 2.34 
Heigh,; a b X b- a X- b x; X- b 
cm. Gain. !!!:!• !!!:!• !!!:!· mv. mv. _.E.. b-a 
2.45 2 24.1 27.2 75.1 3.1 47.9 2.8 15 
2.70 2 24.1 26.6 77.2 2.5 50.6 2.9 20 
2.95 2 24.1 26.1 79.6 2.0 53.5 3.0 27 
3.20 2 24.1 26.4 76.6 2.3 50.2 2.9 22 
3.45 2 24.1 26.3 67.0 2.2 40.7 2.5 19 
3.70 2 24.1 26.2 62.7 2.1 36.5 2.4 17 
3·95 2 24.1 26.1 55.0 2.0 28.9 2.1 14 
4.20 2 24.1 26.1 49.6 2.0 23.5 1.9 12 
4.70 2 24.1 26.2 39.9 2.1 13.7 1.5 7 
5.20 2 24.1 26.0 36.0 1.9 10.0 1.4 5 
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Table 12. Heigh•tPowertEmission RelaoionshiEs• 
Sodium 5890A line. F.E.T.Recorder Readings. 
RD 150 generaoor. Na 10 p.p.m., as ohe chloride. 
Power in plasma 3.57 KW. Gas flows as ~n Table 12. 
Top of cell (cm.) 2.25 
Top of plasma (cm.) 2.65 
Heigho a b X b- a X- b x/ X- b 
cm. Gain. ~· ~· mv. mv. mv. ___!?.. b- a 
2.50 2 24.1 39.5 90.4 15.4 50.9 2.3 3 
2.75 2 24.1 30.0 60.0 5.9 30.0 2.0 5 
3.00 2 24.1 28.2 61.0 4.1 32.8 2.2 8 
3.25 2 24.1 27.6 52.3 3.5 24.7 1.9 7 
3.50 2 24.1 27.0 41.2 2.9 14.2 1.5 5 
3~75 2 24.1 26.9 36.0 2.8 9.1 1.3 3 
4.00 2 24.1 27.0 36.0 2.9 9.0 1.3 3' 
4.25 2 24.1 26.8 33.9 2.7 7.1 1.3 3 
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Table 20. HeiBhoLPoweriEmission RelaoionshiEs• 
Sodium 5890A line. F.E.T. Recorder Readings 
RD 150 generaoor. Na 10 p.p.m., as ohe chloride. 
Power in plasma 5. 60 KW Gas flows as in Table 12. 
Top of cell (cm.) 2.20 
Top of plasma (cm.) 3.10 
Heigho a b X b- a X- b x/ X- b 
cm. Gain. !E!• ~· !E!• mv. mv. _.J?.. b -a 
2.45 1 24.0 35.0 55.5 11.0 20.5 1.6 2 
2.70 1 24.0 32.0 40.5 8.0 8.5 1.3 1 
2.95 1 24.0 28.0 33·7 4.0 5.7 1.2 1 
3.20 2 24.2 30.9 45.0 6.7 14.1 1.5 2 
3.45 2 24.2 29.4 44.6 5.2 15.2 1.5 3 
3.70 2 24.2 28.9 43.8 4.7 14.9 1.5 3 
3.95 2 24.2 28.4 41.0 4.2 12.6 1.4 3 
4.20 2 24.2 28.4 39·5 4.2 11.1 1.4 3 
4.70 2 24.2 28.5 35.1 4.3 6.6 1.2 2 
5.20 2 24.2 28.0 33.8 3.8 5.8 1.2 2 
Again i o can be seen oha• ohe maximum neo and gross raoios aocur 
ao places where ohe values of x and b would give similar D.L. and oha• 
ohe loweso D.L. occurs ao low powers. 
Fig. 47 is a ploo of neo signal, normalised oo a cons•an• gain of 
eleven, againso heigho above ohe base of •he plasma for each power. 
Io can be seen ohao in mos• cases ohere is an opoimum heigho in 
ohe oail-flame, for each power, where ohe inoensioy is ao a maximum, as 
is indicaoed by ohe open circles in Fig. 48, which also indicaoes ohao 
ohis posioion is nearer •o ohe plasma ohe higher ohe power. The filled 
circles indicaoe higheso recorded readings raoher ohan orue maxima. 
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(I-c should be no-ced -cha-c -che maximum for -che -cwo highes-c powers appears 
-eo be ~n -che plasma). The ne-e signal, a-c a given he~gh-c, increases 
w~ -eh power and passes -cbrough a maximum, wmch could be -che norm 
-cempera-cure, a-c abou-c 2.5 kW in -che plasma. The dip in signal a-c -che 
changeover poin-c be-cween -che -cwo genera-cars is explained by -che change 
in frequency be-cween -che -cwo genera-cars. The 36 MHz genera-cor being 
more efficien-c -chan -che 7 MHz genera-cor. Fig. 49 shows from -che da-ca in 
Tables 14 -eo 20 how -che leng-ch of -che v~s~bly br~llian-c plasma increases 
wi-ch power. 
Fig. 50 is a con-cour map of ne-e signal versus he~gh-c and power. 
I-c does indica-ce -che possibili-cy of a peak for maximum ne-e s~gnal a-c 
he~gh-cs of< 2.8 cm. above -che base of -che plasma, and powers> 2.03 kW • 
• X- b Fig. 51 is a con-cour map of -che ne-e ra-c~o b _ a versus heigh-c and 
power, wmch clearly shows a peak. 
Sec-cion 6.3.2 Zinc Re sul -c s • 
Using -che equipmen-c de-c~led ~ Fig. 46 -che ~nforma-cion ob-cained 
is -cabula-ced in Tables 21 -eo 27 for -che 3072A line of zinc and in 
~ables 28 -eo 34 for -che 3076A line. 'l'hese -cwo l~es of -che same elemen-c 
differ in respec-c of -cheir exci-ca-cion po-cen-cials and of -cheir norm 
• 
"tempera 'tUXe s. Bo-ch lines come from -che neu-cral a-com bu-c -che 3072A line 
has an exci-ca-cion noTen-c~al of 8.01 ev wi-ch a norm -cempera-cure of ll,OOOK 
(i~orin~ -che effec-c of nar-cial pressure) whereas -che 3076A line has an 
exci-ca-cion po-cen-cial of 4.01 ev and a norm -cempera-cure of 9,000K (~n 
i,:mor~ par-cial nressures). 
Wi-ch bo-ch lines -che ne-e si~al. x-b, normalised -eo cons-can-e gain, 
increases wi-ch increas~ng power a-c all heigh-cs unlike -che x-b signal from 
-che sodium 589oA line which passes -cbrough a maximum. This is cons~s-cen-c 
wi-ch -chermal exci-ca-cion and ~plies -cha-c -che -cempera-cure reached by -che 
analy-ce is below -che norm -cempera-cure of -che -cwo zinc lines bu-c is above 
-cha-c of -che sodium line. 
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Table 21. Heigho/Power/Emission Relaoionships. 
Zinc 3072A line. F .E. T. Recorder Readings 
se 15 generaoor. Zn 13000 p.p.m., as ohe nioraoe. 
Power in plasma 0.79 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.32 
Top of plasma (cm.) 0.70 
2.36 
2.50 
Gain. 
6 
6 
a 
26.3 
26.3 
b 
lllV. 
27.5 
26.8 
X 
.!!!! • 
28.2 
27.0 
* Unreliable for reasons soaoed earlier. 
b- a 
lllV 
1.2 
* ( .5) 
x-b 
lllV 
* (. 7) 
* (.2) 
Table 22. Heigho/Power/Emission Relaoionships • 
• Zinc 3072A line. F.E.T. Recorder Readings 
1 
l 
se 15 generaoor. Zn 13000 p.p.m., as ohe nioraoe. 
Power in plasma 1.25 kW Gas flows- as in Table 12-. 
Top of cell (cm.) 2.38 
Top of plasma (cm.) 0.56 
Heigho a 
cm. Gain. 
.!!!! • 
2.42 5 26.7 
2.56 5 26.7 
3.06 5 26.7 
* Unreliable for reasons 
b X b- a X- b 
.!!!! • .!!!! • lllV lllV 
27.9 29.7 1.2 1.8 
27.2 28.0 * (.5) * (0.8) 
26.9 27.1 * (.2) * (0.2) 
soaoed earlier. 
x/ 
__.:£. 
1.1 
1.0 
1.0 
X- b 
b- a 
* 
* 
X- b 
b- a 
1.5 
* 
* 
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Table 23. Heigho/Power/Emission Relaoionships • 
• Zinc 3072A line. F.E.T. Recorder Readings 
se 15 generaoor. Zn 13000 p.p.m., as ohe ~oraoe. 
Power in plasma 1.67 kW Gas flows as ~n Table 12. 
Top of cell (cm.) 2.42 
Top of plasma (cm.) 1.02 
Heigln 
cm. Gain. 
a b x ·b-a 
.!!!! • .!!!!. • .!!!!. • mv 
25.9 28.0 33.2 2.1 
25.9 27.0 31.2 1.1 
X- b 
mv 
5.2 
4.2 
* (0.3) 2.2 
* (0.1) 1.0 
1.2 
1.2 
1.1 
1.0 
2.46 
2.60 
3.10 
3.60 
4.10 
4 
4 
4 
4 
4 
25.9 26.2 28.4 
25.9 26.0 27.0 
25.9 25.9 26.4 * * (.5) 1.0 
* Unreliable for reasons soaoed earl~er. 
Table 24. Heigho/Power/Emission Relaoionships. 
Zinc 3072A line. F.E.T. Recorder Readings 
RD 150 generaoor. Zn 13000 p.p.m., as ohe nioraoe. 
Power in plasma 2.03 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 2.38 
Heigho 
cm. Gain. 
1 
1 
1 
1 
a b x b-a 
!!!!• .!!!!.• ~· nrv • 
31.8 33.2 36.6 1.4 
31.8 33.2 35.6 1.4 
31.8 32.8 35.0 1.0 
31.8 32.8 35.0 1.0 
X- b 
mv. 
2.2 
2.2 
1.1 2.45 
2.70 
2.95 
3.20 
3-70 
4.20 
4-70 
1 31.8 32.6 34.5 *(0.8) 1.9 
1.1 
1.1 
1.1 
1.1 
1 
1 
5.20 1 
31.8 
31.8 
31.8 
32.5 
32.5 
32.3 
33-9 
33.4 
33.0 
* Unreliable for reasons soaoed earlier. 
* ( o. 7) 
* (o. 7) 
*(0.5) 
1.4 1.0 
* (.9) 1.0 
* (.7) 1.0 
X b 
b- a 
2.5 
3.8 
* 
* 
* 
X- b 
b- a 
2.4 
1.7 
2.2 
2.2 
* 
* 
* 
* 
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Table 22. Hei~"[Power[Emission Rela"ionshiEs• 
• Zinc 3072A line. F.E.T. Recorder Readings 
RD 150 generaoor. Zn 13000 p.p.m., as ohe nioraoe. 
Power in plasma 3.57 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.24 
Top of plasma (cm.) 2.67 
Heigho a b X b- a X- b x; X- b 
cm. Gain. !!!:!• !!!:!• !!!:! • liiV liiV b b- a 
2.48 1 28.4 30.6 37.0 2.2 6.4 1.2 2.9 
2.73 1 28.4 30.0 35.8 1.6 5.8 1.2 3.6 
2.98 1 28.4 30.0 35.1 1.6 5.1 1.2 3.2 
3.23 1 28.4 29.9 35.0 1.5 5.1 1.2 3·4 
3.48 1 28.4 29.8 34.2 1.4 4·4 1.1 3.1 
3.73 1 28.4 29.8 34.7 1.4 4.9 1.2 3.5 
4.23 1 28.4 29.8 34.0 1.4 4.2 1.1 3.0 
4.73 1 28.4 29.8 33.1 1.4 3·3 1.1 2.4 
5.23 1 28.4 29.5 32.0 1.1 2.5 1.1 2.3 
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Table 26. Hei~"LPoweriEmission Rela"ionshiEs• 
• Zinc 3072A line. F.E.T. Recorder Readings 
RD 150 genera"or. Zn 13000 p.p.m., as "he ni"ra"e. 
Power in plasma 5.56 kW Gas flows as ~n Table 12. 
Top of cell (cm.) 2.20 
Top of plasma (cm.) 2.03 
Heigh" a b X b- a x-b x; x-b 
cm. Gain. !!!!• !!!!• !!!!· nrv nrv ___£. b- a 
2.43 1 30.1 38.5 48.8 8.4 10.3 1.3 1.2 
2.68 1 30.1 35.5 47.4 5.4 11.9 1.3 2.2 
2.93 1 30.1 34·4 48.4 4·3 14.0 1.4 3.3 
3.18 1 30.1 33.5 50.0 3·4 16.5 1.5 4.9 
3.43 1 30.1 33.1 51.1 3.0 18.0 1.5 6.0 
3.68 1 30.1 33.2 51.0 3.1 17.8 1.5 5.7 
3.93 l 30.1 32.6 48.0 2.5 15.4 1.5 6.2 
4.18 1 30.1 32.4 45.5 2.3 13.1 1.4 5.7 
4.68 1 30.1 32.5 41.1 2.4 8.6 1.3 3.6 
5.18 1 30.1 32.3 38.7 2.2 6.4 1.2 2.9 
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Table 21. HeiBh"LPoweriEmission Rela"~onshiEs• 
• Zinc 3012A line. F.E.T. Recorder Readings 
RD 150 genera"or. Zn 13000 p.p.m., as "he ni"ra"e. 
Power in plasma 6.73 kW. Gas flows as in Table 12. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 3.57 
Heigh" a b X b- a X- b x/ x-b 
cm. Gain. :!!:..:! • m.v. ~· m.v. m.v. b. b- a 
2.45 1 32.8 45.0 63.0 ll2.d lS.O 1.4 1.5 
2.70 1 32.8 39.2 60.5 6.4 21.3 1.5 3.3 
2.95 1 32.8 37·5 63.8 4-7 26.3 1.7 5.6 
3.20 1 32.8 35.9 66.9 3.1 31.0 1.9 10.0 
3.45 1 32.8 35-4 70.5 2.6 [d [d 13.5 3-70 1 32.8 35.0 70.1 2.2 j16.oj 1 0 
3.95 1 32.8 34.8 62.0 2.0 27.2 1.8 13.6 
4.20 1 32.8 35.1 54.5 2.3 19.4 1.6 8.4 
4.70 1 32.8 34.5 47.5 1.7 13.0 1.4 7.6 
5.20 1 32.8 33.7 43·4 * (.9) 9·1 1.3 * 
* Unreliable for reasons s"a"eo earlier. 
D • X- b Tables 21 "o 27 and Tables 24 "0 27 Max~um value of b • 
-a 
for b - a, x - b and x/b (i.e. same gain). 
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Table 28. Heigh"/Power/Em~ssion Rela"~onships. 
Zinc 3076A line. F.E.T. Recorder Readings 
Power in plasma 0.79 kW. 
Top of cell (cm.) 2.32 
Top of plasma (cm.) 0.70 
Gas flows as ~n Table 12. 
Heiglrc a b :X: b- a :X: - b 
cm. Gain. E!=.Y· .!!!..:..Y.• .!!!.!2:. m.v • m.v. 
2.36 6 26.3 27.3 45-5 1.0 18.2 
2.50 6 26.3 27.0 39.4 * (. 7) 12.4 
3.00 6 26.3 26.5 29.3 if (.2) 2.8 
* Unreliable for reasons s"a"ed earlier. 
Table 22. HeiBE"[Power[Emission Rela"ionships. 
Zinc 3076A line. F.E.T. Recorder Readings 
:x:; 
__..£. 
1.7 
1.5 
1.1 
se 15 genera"or. Zn 13000 p.p.m., ss "he nina"e· 
Power in plasma 1.25 kW. Gas flows' as in Table 12. 
Top of cell (cm.) 2.38 
Top of plasma (cm.) 0.56 
Heigh." a b :X: b- a :X: - b :x:;-
cm. Gain. ~- ~- .!..:..!· m.v. m.v. __:Q,: 
2.42 5 26.8 28.0 70.5 1.2 42.5 2.5 
2.56 5 26.8 27.3 56.6 * ( .5) 29.3 2.1 
3.06 5 26.8 27.1!> 44.0 * (.2) 17.0 1.6 
3.56 5 26.8 26.8 29.0 * (0) 2.2 1.1 
* Unreliable for reasons s"a"ed earlier. 
r===J Maximum values. Tables 28 "o 34. 
:X: - b 
b- a 
18.2 
* 
* 
:X: - b 
b - a 
[ill 
* 
* 
* 
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Table 30. Heigho/Power/Emission Relaoionships. 
Zinc 3076A line. F.E.T. Recorder Readings 
se 15 generaoor. Zn 13000 p.p.m., as ohe nioraoe. 
Power in plasma 1.67 kW Gas flows as ~ Table 12. 
Top of cell (cm.) 2.42 
Top of plasma (cm.) 1.02 
Heigho a 
cm. Gain. !!:.Y· 
2.46 4 25.9 
2.60 4 25.9 
3.10 4 25.9 
3.60 4 25.9 
4.10 4- 25.9 
4.60 4 25.9 
5.10 4 25.9 
6.10 4 25.9 
* Unreliable for reasons 
b X 
!!!:.:!• ~-
28.4 93.0 
27.9 89.0 
26.7 72.5 
26.3 57.8 
26.1 50.0 
26.0 45.5 
26.0 41.5 
26.0 35.5 
soaoed earlier. 
D Maximum values. Tables 28 oo 34. 
b- a X- b 
m.v. m.v. 
2.5 64.6 
2.0 61.1 
* (.8) 45.8 
* ( .4) 31.5 
* (.2) 23.9 
* ( .1) 19.5 
* ( .1) 15.5 
* ( .1) 9.5 
x; 
____B.. 
3.3 
3.2 
2.7 
2.2 
1.9 
1.8 
1.6 
1.4 
X- b 
b- a 
~ 8 
* 
* 
* 
* 
* 
* 
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Table 21. Hei~oiPoweriEmission RelaoionshiEs• 
Zinc 3076A hne. F.E.T. Recorder Readings 
RD 150 generaoor. Zn 13000 p.p.m., as ohe nioraoe. 
Power in plasma 2.03 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 2.38 
Heigho a b X b- a X- b x/ X- b 
cm. Gain. !!!..:.:! • !..:..!· !!!..:.:! • m.v. m.v. ~· b- a 
2.45 1 31.8 33.4 59.9 1.6 26.5 1.8 16.6 
2.70 1 31.8 33.1 54.2 1.3 21.1 1.6 16.2 
2.95 1 31.8 33.0 53.3 1.2 20.3 1.6 16.9 
3.20 1 31.8 33.2 53.0 1.4 19.8 1.6 14.0 
3·70 1 31.8 32.5 51.1 * (.7) 18.6 1.6 * 
4.20 1 31.8 32.5 52.5 * (. 7) 20.0 1.6 * 
4.70 1 31.8 32.6 52.5 * ( .8) 19.9 1.6 * 
5.20 1 31.8 32.0 50.1 * (.2) 18.1 1.6 * 
* Unreliable for reasons soaoed earl~er. 
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Table 22. Heigh"LPowerlEmission Rela"ionshiES• 
Zinc 3076A line. F.E.T Recorder Readings 
RD 150 genera"or. Zn 13000 p.p.m., as "he ni"ra"e. 
Power in plasma 3.57 kW. Gas flows as in Table 12. 
Top of cell (cm.) 2.24 
Top of plasma (cm.) 2.67 
Heigh" a b X b- a X- b x; X- b 
cm. Gain. ~· ~- ~- m.v. m.v. 2· b - a 
2.48 1 28.4 30.3 58.0 1.9 27.7 1.9 14.6 
2.73 1 28.4 30.2 56.0 1.8 25.8 1.9 14.3 
2.98 1 28.4 29.8 52.2 1.4 22.4 1.8 16.0 
3.23 1 28.4 29.6 50.0 1.2 20.4 1.7 17.0 
3.48 1 28.4 29.6 50.8 1.2 21.2 1.7 17.7 
3·73 1 28.4 29.7 50.3 1.3 20.6 1.7 15.8 
4.23 1 28.4 29.5 50.5 1.1 21.0 1.7 19.0 
4·73 1 28.4 30.0 49.1 1.6 19.1 1.6 11.9 
5.23 1 28.4 29.5 46.2 1.1 16.7 1.6 15.2 
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Table 22· HeiBho[Power[Emission RelaoionshiEs• 
Zinc 3076A line. F.E.T. Recorder Readings 
RD 150 generaoor. Zn 13000 p.p.m., as ohe nioraoe. 
Power in plasma 5.56 kW. Gas flows as in Table 12. 
Top of cell (cm.) 2.20 
Top of plasma (cm.) 3.03 
Heigho a b X b- a X- b x/ X- b 
cm. Gain. m.v. 1!:..!• !!!!..!• m.v. m.v. ____£. b - a 
2.43 1 30.1 38.6 73·7 8.5 35.1 1.9 4.1 
2.68 1 30.1 35.6 72.0 5.5 36.4 2.0 6.6 
2.93 1 30.1 34.8 73.6 4.7 38.8 2.1 8.3 
3.18 1 30.1 33.6 75.6 3.5 42.0 2.3 12.0 
3.43 1 30.1 33.3 75.6 3.2 42.3 2.3 13.2 
3.68 1 30.1 32.9 74.3 2.8 41.4- 2.3 14.8 
3.93 1 30.1 32.6 68.8 2.5 36.2 2.1 14.5 
4.18 1 30.1 32.6 66.9 2.5 34.3 2.1 13.7 
4.68 1 30.1 32.6 60.1 2.5 27.5 1.8 11.0 
5.18 1 30.1 33.0 56.0 2.9 23.0 1.7 1·9 
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Table 2:!• Heigt•[Power[Emission Rela•ionshiEs 
Zinc 201GA line. F.E.T. Recorder Readings 
RD 150 genera•or. Zn 13000 p.p.m., as •he ni•ra•e. 
Power in plasma 6. 73 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 3.57 
Heigh• a b X b- a X- b x; x-b 
cm. Gain. m.v. !!!.!.Y.. m.v. m.v. m.v. ____]?_. b-a 
2.45 1 32.8 47.0 79.5 14.2 32.5 1.7 2.3 
2.70 1 32.8 37.8 91.1 5.0 53.3 2.4 10.7 
2.95 1 32.8 36.9 94.2 4.1 57.3 2.6 14.0 
3.20 1 32.8 36.0 94.1 3.2 58.1 2.6 18.2 
3·45 1 32.8 35.0 90.8 2.2 55.8 2.6 25.4 
3.70 1 32.8 35.3 85.8 2.5 50.5 2.4 20.2 
3.95 1 32.8 35·5 73.8 2.7 38.3 2.1 14.2 
4.20 1 32.8 34·4 71.0 1.6 36.6 2.1 22.9 
4.70 1 32.8 34.3 63.9 1.5 29.6 1.9 19.7 
5.20 1 32.8 34.2 62.3 1.4 28.1 1.8 20.1 
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The behaviour of •he ra•~o ~ = b is differen• m •he case of •he a 
• 
of •he 3076A 3072A line from i•s behav~our ~n •he case line. Wi•h •he 
• 3072A line •h~s ra•io shows a •endencv •o pass •hrowm a maximum wi •h 
increasm~ power a• posi•ions near •he plasma wh~ls• a• pos~•~ons fur•her 
X- b 
ou• from •he plasma i• increases wi•h power. In con•ras• •he ra•io b _ a 
for •he 3076A line, whils• showin~ a similar maximum a• low powers near 
value followed by a rise in value wi•h increasing power. The behaviour of 
•he ne• signals, x- band •he ra•io ~- b is shown ~n Figs. 52- 57. 
-a 
The con•our map of ~ - b for •he 3072A line, Fig. 54, shows •he ra•~o 
-a 
increas~ng wi•h power a• heigh• be~een 3.0 and 4.0 cm. above •he base of 
ohe plasma ~n con•ras• wi•h •he con•our map of •he 30761 line, Fig. 57. 
•he base of •he plasma and a• powers be~een 1 •o 2 kW. The 
inaccuracies involved in reading •he differences be~een •he dark 
curren• and •he background s~gnal preclude a more accura•e fixing of •he 
maximum. 
available •his can only be conjec=e. 
The maxl.llllllll value of •he gross ra•io x/b, which is mversely 
propor•~onal •o •he D.L., appears near •o •he max~um value of •he 
X- b 
b- a and •he influence of •he ne• signal, x - b is clearly seen, 
X ~.e. for a cons•an• b 
larges• value of x/b. 
- b 
- a 
•he ra•io wi•h •he larges• x - b will give •he 
b 
..... 
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Fig. 52 Reight/power/emiss~on relat~onsh~ps. Zn 3072A0 13,000 ppm. 
Plot of net signal, normalised to gain 11, versus height 
above base of the plasma, at various powers. 
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Using ~he equipmen• deoailed in Fig. 46 ohe ~ormaoion-ob•ained is 
•abulaoed in Tables 58-64 for ohe 2497A line of boron. 
Table 58. Heigh•/Power/Emission Relaoionsh~ps • 
• Boron 2497A line. F.E;T. Recorder Readings 
se 15 generaoor. Boron 1000 -p.p.m. as boric acid. 
Power in plasma 0. 75 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.48 
Top of plasma (cm.) 0.88 
He~gh• a 
cm. Ga=. D:r'. V • 
2.44 11. 33.0 
2.48 11 33.0 
3.08 11 33.0 
b X b- a 
!!!.:.! • m.v. m.v. 
33.1 33.9 * ( .1) 
33.1 39.0 * ( .1) 
33.1 33.3 * ( .1) 
* Unreliable for reasons s•a•ed earlier. 
X- b x/ 
m.v. b. 
6.8 1.2 
5.9 1.2 
* ( .2) 1.0 
Table 22· Heigho[Power[Emission Rela•~onsh~ps. 
• Boron 2421A line • . F.E.T. Recorder Readings 
X- b 
b- a 
* 
* 
* 
se 15 genera•or. Boron 1000 p.p.m. as boric acid. 
Power in plasma 1.06 kW 
Top of cell (cm.) 2.50 
Top of plasma (cm.) 1.04 
Heigh• a 
cm. Gain. ~· 
2.50 10 31.0 
2.64 10 31.0 
3.14 10 31.0 
3.64 10 3LO 
* Unreliable for reasons 
b 
~-
31.4 
31.3 
3Ll 
31.1 
soaoed 
Gas flows as in Table 12. 
X b- a X- b XI X- b 
~· m.v. m.v. ____£. b- a 
59.9 * ( .4) 28.5 1.9 * 
54.0 * (.3) 22.7 1.7 * 
38.3 * ( .• 1) 7.2 1.2 * 
33.3 * ( .1) 2.2 1.1 * 
earlier. 
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Table 60. Heigh•/Power/Emission Rela•ionships. 
Boron 2497A line. F.E.T. Recorder Readings 
se 15 genera•or. Boron 1000 p.p.m. as boric acid. 
Power in plasma 1. 56 kW Gas flows as ~n Table 12. 
Top of cell (cm.) 2.40 
Top of plasma (cm.) 1.00 
Heigh• a b X b- a X- b x/ x-b 
cm. Gain. m.v. ~· J!:I· m.v. m.v. _.E.. b- a 
2.36 8 28.8 30.1 67.2 1.3 37.1 2.2 28.5 
2.50 8 28.8 30.1 75.0 1.3 44.9 2.5 34.5 
3.00 8 28.8 29.8 56.1 1.0 26.3 1.9 26.3 
3.50 8 28.8 29.8 47.4 1.0 17.6 1.6 17.6 
4.00 8 28.8 29.8 42.0 1.0 12.2 1.4 12.2 
4.50 8 28.8 29.6 37.0 * ( .8) 7.4 1.3 * 
5.00 8 28.8 29.7 34.0 * ( .9) 4.3 1.1 * 
* Unreliable for reasons s•a•ed earlier. 
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Table 61. HeishoiPoweriEmission RelaoionshiES• 
Boron 2497A line. F.E.T. Recorder Readings 
RD 150 generaoor. Boron 1000 p.p.m. as boric acid. 
Power in plasma 2.05 kW Gas flows as Ln Table 12. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 2.45 
Heigho a b X b- a X- b x; x-b 
cm. Gain. 
.!!!.:.:! • E!.=.!:• .!!!:.Y.. m.v. ~ 2· b- a 
--
2.45 4 27.0 2a.4 65.9 1.4 37-5 2.3 26.a 
2.70 4 27.0 29.6 57.0 ~ 27.4 1.9 10.5 
2.95 4 27.0 27.9 49.8 * (.9) 21.9 La * (2 
3.20 4 27.0 27.a 46.9 * (.a) 19.1 1.7 * (2 
3.45 4 27.0 27.4 45.1 * ( .4) 17.7 1.6 * ( 
3.70 4 27.0 27.6 45.0 * ( .6) 17.4 1.6 * (2 
3-95 4 27.0 27.6 44.0 * ( .6) 16.4 1.6 * (2 
4.20 4 27.0 27.a 43.1 * (.a) 15.3 1.6 * (1 
4.70 4 27.0 2a.l 42.a 1.0 14.7 1.5 14.7 
5.20 4 27.0 27.7 39.a * (. 7) 12.1 1.4 * (1 
* Unreliable for reasons soaoe<d earlier. 
D Maximum value. 
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Table 62. Heis9•LPowerLEmission RelaoionshiES• 
• Boron 2497A line. F.E.T. Recorder Readings 
RD 150 generaoor. Boron 1000 p.p.m. as boric acid. 
Power in plasma 3.64 kW Gas flows as Ln Table 12. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 2.70 
Heigh,;: a b X b- a X- b x/ X- b 
--cm. Gain. !!!!.!· .!.:..:!• ~- E!i!:...... -~ _2. b- a 
2.45 2 25.2 25.4 46.4 * ( .2) 21.0 1.9 * (105) 
2.70 2 25.2 25.6 43.0 * ( .4) 17.4 1.7 * (44) 
2.95 2 25.2 26.0 41.0 * (.a) 15.0 1.6 * (19) 
3.20 2 25.4 25.8 40.0 * (.4) 14.2 1.6 * (36) 
3.45 2 25.4 25.8 40.0 * ( .4) 14.2 1.6 * (36) 
3.70 2 25.4 26.0 41.3 * ( .6) 15.3 1.6 * (26) 
3.95 2 25.4 26.0 42.1 * ( .6) 16.1 1.6 * (27) 
4,20 2 25.4 26.1 42.6 * (.7) 16.5 1.6 * (24) 
4.70 2 25.4 25.9 39.0 * ( .5) 13.1 1.5 * (26) 
5.20 2 25.4 26.4 37.7 1.0 11.3 1.4 11.3 
* Unreliable for reasons soaoed earl~er. 
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Table 62. Hei~"[Power[Emission Rela"ionshiEs• 
0 Boron 2497A line. F.E.T. Recorder Readings 
RD 150 genera"or. Boron 1000 p.p.m. as boric acid. 
Power in plasma 5. 60 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.17 
Top of plasma (cm.) 2.88 
Heigh• a b X b- a X- b x; X- b 
cm. Gain. ~ ~- !.!.!:• m.v. m.v. ---1?.· b- a 
2.40 2 24.5 26.5 65.6 2.0 39.1 2.5 19.6 
2.65 2 24.5 26.4 66.5 1.9 40.1 2.5 21.1 
2.90 2 24.5 26.3 69.7 1.8 43.4 2.7 24.1 
3.15 2 24.5 26.1 77.1 1.6 51.0 ~ 31.9 
3.40 2 26.5 26.8 74.4 * ( .3) 47.6 2.8 * (158) 
3.65 2 26.5 26.8 78.5 * (.3) l51.7j 2.9 * (172) 
3.90 2 26.5 26.7 69.5 * ( .2) 42.8 2.6 * (214) 
4.15 2 26.5 26.8 62.0 * ( .3) 35.2 2.3 * (117) 
4.65 2 26.5 27.2 51.8 * (. 7) 24.6 1.9 * (35) 
5.15 2 26.5 26.9 45.9 * (.4) 19.0 1.7 * (48) 
* Unreliable for reasons s•a•ed earlier. 
D Ma.xi.rrmm value. 
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Table 61. Hei~•iPoweriEmission RelaoionshiEs• 
• Boron 2497A line. F.E.T. Recorder Readings 
RD 150 genera•or. Boron 1000 p.p.m. as boric acid. 
Power in plasma 6.62 kW Gas flows as in Table 12. 
Top of cell (cm.) 2.27 
Top of plasma (cm.) 3.67 
Heigho a b X b- a X- b x/ X- b 
cm. Gain. ~· ~- ~· m.v. m.v. _.E.. b-a 
2.50 1 26.2 26.6 52.5 * (.4) 25.9 2.0 * (65) 
2.75 1 26.2 27.0 57.0 * ( .8) 30.0 2.1 * (38) 
3.00 1 26.2 27.3 65.0 1.1 37.7 2.4 34·3 
3.25 1 26.2 27.3 69.8 1.1 42.5 2.6 38.6 
?·50 1 26.2 27.3 70.0 1.1 42.7 2.6 138.81 
3·75 1 26.2 27.1 64.2 * (.9) 37.1 2.4 * (41) 
4.00 1 26.2 26.6 55.0 * (.4) 28.4 2.1 * (71) 
4.25 1 26.2 26.5 50.0 * ( .3) 23.5 1.9 * (78) 
4·75 1 26.2 27.2 44.0 1.0 16.8 1.6 16.8 
5.25 1 26.2 27.1 39.0 * ( .9) 11.9 1.4 * (13) 
* Unreliable for reasons soaoed earl1er. 
0 Maximum value. 
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The boron l1ne examined has an excioaoion pooeno~al of 4.9 ev and is a 
neuoral aoom line wioh a norm oemperaoure, uncorrecoed for paro~al 
pressure, of 10,500K. ~s mgho be expecoed oo behave ~n a simlar 
fas~on oo ohe zinc 3076A line. 
As w~oh ohe zinc lines, ohe neo signal, x - b for boron, increases 
wioh increasing power, normalised oo consoano gain, ao all heighos. Io 
X- b is difficulo oo make any commeno abouo ohe raoio b , ohere are so 
- a 
many gaps in ohe readings, due oo ohe inaccuracy involved, as oo make 
any judgmeno unreliable. Neveroheless, Figs. 58-60 show ohe behav~our 
X- b 
of ohe signals and ohe raoio b 
- a 
X - b ( ) The conoour map of b _ a Fig. 60 
w~oh heigho of observaoion and power as variables does indicaoe ohe 
possibilioy of a maximum ao high powers. 
Secoion 6.4. Inoegrao~on Following Changes oo ohe Measuring Seo. 
oboa1n more reliable figures for ohe differences beoween ohe dark curreno 
and background readings. Changes were firs• made oo ohe Measur1ng Seo 
(Secoion 2.8) oo remove inaccuracies in oiming exposures along w~oh 
The pre-exposure and exposure clock oimers were replaced by a dig~oal 
oime sysoem driven by a 1 MHz crysoal osc~llaoor g~ving a precision oo ohe 
oiming of 1 paro 1n 1()5 or beooer. The valve sysoem (see Fig.31) was 
replaced by a F.E.T. follower amplifer consorucoed as an impedance changer 
beoween ohe 1noegraoing capacioors of ohe Polychromaoor and ohe read-ouo uni 
Th~s is prooecoed, as shown in Fig. 61, so ohao if a voloage in excess 
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would ensue and as "this is approxima-cely -che limi -c of linear charge 
any readings a-c "this 1~-c are arranged -eo give an "overload" condi-cion. 
The ou-cpu-c from -chis Ulll."C is read by a dig:L-cal panel me-cer. Th~s 
me-cer is o:f -che dual ramp in-cegra-cing -cype wi-ch a B.C.D. ou-cpu-c. Basically 
:t:he_ me-cer_ is driven by a 2 MHz oscilla-cor and charges an in-cegra-cing 
capaci-cor :from -che unknown for a coun-c of 40,000 cycles. This corresponds 
' . 
-eo 20 milliseconds so any 50 cycle pickup is averaged ou-c. This 
capaci-cor ~s -chen discharged a-c a cons-can-e ra-ce. A coun-cer is s-car-ced 
when -che discharge is ini-cia-ced and s-cops when -che capaci-cor is discharged 
-eo zero. I-c is -chis figure wh~ch appears on -che display. The inpu-c 
is a-c-cenua-ced -eo give a reading o:f 3.9999 Jus-c below -che overload 
condi-cion a-c approxima-cely 20 vol-es. In -che Profile posi-cion 
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(Seco~on 2.9) ohe same ampl~fier ~s used buo ohe D.P.M. is conoinuously 
moniooring ohe chosen channel. A movmg coil vel =eoer may be plugged 
~noo ohe amplifier ouopuo, As before ohe voloage is generaoed across 
a lM ohm resisoor by ohe P.M. anode curreno (Fig. 32. R701). 
Secoion 6.4.1 Boron Resulos. 
Using ohe equipmeno deoailed in Seco~on 6.4, ohe informao~on 
oboained is oabulaoed in Tables 65-71 and m Figs. 62-64. 
Whilso ohe resulos are similar oo ohose oboained wiohouo inoegraoion 
(Seco~on 6.3.3) ohere are imporoano differences. The possibil~oy of a 
high reading for x - b close oo ohe base of ohe plasma ~s mdicaoed and 
ohere are indicaoions of owe=· This is also suggesoed by ohe 
conoour map of emission Fig. 63. Th f X- b F' 64 e conoour map o b _ a , ~g. 
demonsoraoes ohe exisoence of owe peaks, ohe mgher of ohe owe 
occurring ao powers of approximaoely 1.55 kW, 
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Table 65. He~gh"/Power/Emission Rela"ionships. 
Boron 2497A l~ne. In"egra"~on w~"h solid s"a"e Measuring Se1;. 
Se 15 genera1;or. Boron 1000 p.p.m. as 
Power in plasma 0.75 kW. 
Top of cell (cm.) 2.24 
Top of plasma (cm.) 0.96 
Plasma gas flow (t/min.) 5 Ar. 
Nebuliser ga~ flow (t/min.) 3.75 Ar. 
eoolan" gas flow (t/min.) 20.0 N2 • 
Heigh" a b X 
cm. 
.. £!§!.• C'tS. C'tS. 
1.54 24 64 2383 
1.80 24 85 3184 
2.30 24 76 2880_ 
2.80 24 43 1272 
3.30 24 32 447 
bor~c acid. 
Gain 6. 
Pre-exposure 25 secs. 
Exposure 80 secs. 
b - a X- b x; 
C"tiS. C"t;S • __'!?.. 
40 2319 37 
61 3099 37 
52 2804 38 
18 1229 30 
8 415 14 
Table 66. Heigh"[Power[Emission Rela"t;ionships. 
• 
X- b 
b- a 
58 
51 
53 
65 
52 
Boron 2497A line. In"egra1;ion w~"h solid s"a"e Measuring Se1;. 
se 15 genera"t;or. 
Power in plasma 1.24 kW. 
Top of cell (cm.) 2.34 
Top of plasma (cm.) 1.14 
All o"her condi"t;ions as in Table 65. 
He~gh" a b X b-a x-b x/ X- b 
cm. ~- ~- ~- C'tS. c-cs. __'!?.. b - a 
1.90 23 140 6082 117 5942 43 51 
2.40 23 125 6533 102 6408 52 63 
2.90 23 112 6059 89 5947 54 67 
3.40 23 lOO 4830 77 4730 48 61 
3.90 23 90 3276 67 3186 36 48 
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Table 67 . Hei~h•LPowerLEmission Rela"~onsh~ES• 
• Boron 249'1A line. In"egraoion wioh solid soaoe Measuring Se". 
se 15 genera"or. 
Power in plasma 1.55 kW. 
Top of cell (cm.) 2.3 
Top of plasma (cm.) 1.0 
All ooher condi"ions as in Table 65. 
Heigho a b X b- a X- b x/ X- b 
cm. ~· ~· ~· c"s. cos. b. b - a 
1.85 25 214 6939 189 6725 32 36 
2.36 25 190 7579 169 7389 40 45 
2.86 25 168 7691 143 7523 46 53 
3.36 25 146 7181 121 7635 53 63 
3.86 25 125 7566 lOO 7441 [§i] [:J 4.36 25 106 6130 81 6024 58 4 
4.86 25 87 3764 52 3677 43 71 
5.36 25 69 2699 44 2630 39 60 
0 Maximum values. 
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Table 68. Heigho/Power/Emiss~on Rela•ionships. 
Boron 2497A l~ne. In•egraoion wi•h solid s•a•e Measuring Seo. 
RD 150 genera•or. Boron 1000 p.p.m. as 
Power in plasma 1.62 kW. boric acid. 
Top of cell (cm.) 2.27 
Top of plasma (cm.) 1.24 
Plasma gas flow (t/min.) 12 Ax. Gain 6. 
Nebuliser gas flow (.t/min.} 4.85 .Ar. Pre-exposure 25 secs. 
Coolan• gas flow (t/min.) 21.0 N2 Exposure 80 secs. 
Heigh• a b X b-a X- b x/ x-b 
cm. c-cs. C"CS. c-cs. c-cs. C'tS. b. b - a 
2.39 15 552 18002 537 17450 33 32 
2.69 15 284 ll351 269 11067 40 41 
3·39 15 160 6227 145 6067 39 42 
3.89 15 104 2349 89 2245 23 25 
4·39 15 52 676 37 624 13 17 
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Table 62 • Heigg•[Power[Emission Rela•ionshi~s. 
• Boron 2427A line. In•egra•ion wi•h solid s•a•e Measuring Se•. 
RD 150 genera•or. 
Power in plasma 2.23 kW. 
Top of cell (cm.) 2.27 
Top of plasma (cm.) 1.28 
All o•her condi•ions as in Table 68. 
Heigh• a b X b- a X- b x; X- b 
cm. ~· ~· ~· c•s. c•s. b. b- a 
2.39 15 3385 48400 3385 45000 14 13 
2.89 15 2810 39655 - 2810 36830 14 13 
3.39 15 1990 31005 1990 29000 16 15 
3.89 15 1390 23665 1390 22260 17 16 
4.39 15 950 16095 950 15130 17 16 
4.89 15 490 9655 490 9150 20 19 
5.39 15 250 4975 250 4710 20 19 
5.89 15 132 2347 132 2200 18 17 
6.39 15 59 864 59 790 15 13 
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Table 10 . Heigg•iPoweriEmiss~on RelaoionshiEs• 
• Boron 249'1A line. Inoegraoion w~•h solid soaoe Measuring Seo. 
RD 150 generaoor. 
Power in plasma 3.02 kW. 
Top of cell (cm.) 2.3 
Top of plasma (cm.) 1.34 Exposure 20 secs. 
All ooher con~oions as in Table 68. 
Smooohed graphically and normalised •o 80 seconds exposure. 
Heigh• a b X b-a X- b x/ X- b 
cm. ~· c-cs. ~- CoS. C"CS. b. b -a 
2.42 15 4847 120787 4832 115940 25 24 
2.92 
·--
15 2575 82670 2560 80095 32 31 
3-42 15 2207 72679 219? 70472 33 32 
3.92 15 1991 65591 1976 63600 33 32 
4-42 15 1791 58987 1776 57196 33 32 
4-92 15 1615 53455 1600 51840 33 32 
5-42 15 1475 47635 1460 46160 32 32 
5.92 15 1355 39895 1340 38540 29 29 
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Table 11. Hei~oLPowerLEmission RelaoionshiES• 
• Boron 2491A line. Inoegrao~on w~oh solid soaoe Measur~ng Seo. 
RD 150 generaoor. 
Power in plasma 4.13 kW. 
Top of cell (cm.) 2.27 
Top of plasma (cm.) 1.92 Exposure 10 secs. 
All o•her condioions as in Table 68. 
Smooohed graphically and normal~sed •o 80 seconds exposure. 
Heigho a b X b- a X- b x; X- b 
cm. ~· ~- ~- c-cs. CoS. _E.. b- a 
2.39 15 13007 216047 12992 12030401 17 16 
2.89 15 - 8079 155279 8064 147200 19 18 
3.39 15 5607 124007 5992 118400 22 20 
3.89 15 5055 112655 5040 107600 22 21 
4.39 15 4935 108535 4920 103600 22 21 
4.89 15 4975 107775 4960 102800 22 21 
5.39 15 5095 111495 5080 106400 22 21 
5.89 15 5295 116495 5280 111200 22 21 
6.39 15 5455 117455 5440 112000 22 21 
6.89 15 5535 117535 5520 112000 21 20 
7.19 15 5495 116295 5480 110800 21 20 
'' 
D Maximum value. 
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Secdon 6.5 nbserva "tions. 
Improvemen,;s "tO "the measur~~ svs"tem have no,; resul"ted in an 
abili,;y "tO measure. wi,;h sufficien"t accuracy, ,;he small differences 
beoween "the dark curren"t and "the background sJ.gnals. In"tegra"tion, 
whl.ls"t gJ.V~g "the req_UJ.red accuracy, is "time consuming (an es"tima"ted 
5 hours of con,;inuous measuremen"t "time "tO comule"te "the work repor"ted in 
Sec,;ion 6.4.1), which means ,;ha,; drif"ts in op,;ical alignmen"t could have 
occurred and "thus have affec"ted "the overall picoure of wha"t was happening. 
For ,;his and o"ther reasons, which will be dl.scussed in Chap"ter 8, l."t 
was fel"t "tha"t a differen"t approach "tO "the problem was necessary. 
Never"theless, cer"tain observa"tJ.ons can be made and conclusions drawn. 
on "the work so far comple,;ed Wl."th "the elemen"ts sodJ.um, zJ.nc and boron, 
or more specifically "the lines Na 5890A, Zn 3072A, Zn 3076A and B 2497A. 
a) A"t cons"tan"t newer and a"t heigh"ts beoween 2 "tO 6.5 cm. above "the 
base of "the plasma, maxima occur for "the ne"t signal x- b wi,;h every 
sugges"tion "tha" maxJ.ma migh"t occur much closer "to "the base of ,;he 
plasma. There is also evidence for "the eXJ.s"tence of owe se"ts of 
maxima, one closer "tO "the base of "the plasma "than ,;he o"ther. 
b) The leng,;h of "the plasma increases wi"th power and i"t appears "tha"t 
,;he heigh"t where ,;he maxJ.ma for x - b occurs may move nearer "to 
"the "tl.p of "the plasma and may ac"t;Ually move in"to "the plasma. 
c) There is some sugges,;ion "tha"t "the norm "tempera"t;ure has been 
reached in "the case of sodl.um since a"t cons"tan"t heigh"t above "the 
base of "the plasma x b goes "through a maxJ.mum as power is 
increased. Wha"t is difficul "t "tO unders,;and J.s "tha"t if "the norm 
"tempera,;ure has been reached i"t migh"t be expec"ted "tha"t "these 
maxJ.11la would have "the same value which "they did no,;. 
The explana"tion may lJ.e J.n differen"t q_uan"ti"ties of analy,;e in "the 
"tail-flame "through "t;urbulence, gas-flow or wha"tever, causing 
changes in par,;ial pressure, 
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d) X- b There is evidence "ha" more "han one maximum for b _ a may 
occur in any sys"em wh~ch may explain "he reason for some of 
"he conflic"ing repor"s of "he role of power which appeared 
in "he li"era~e. 
- 181 -
CHAPl'ER 7-
BEAT TRANSFER FROM THE PLASMA TO THE ANAL'YTE. 
One curious feature of the work described in the preced~ng 
chapter was the movement of the optimum viewing height, for maximum 
net signal, nearer to the plasma as the power in the plasma was 
increased (Section 6.5.a). It might be thought that raising the 
power in the plasma i.e. raising its temperature, would cause this 
optimum position to move further away from the plasma. The following 
model, an extension of earlier work 68 is suggested as an explanation 
of this phenomenon. 
Section 7.1 A Model of the Plasma. 
In the annular configuration of the plasma, the gas stream 
carrying the sample atoms flows through a central cooler tunnel that 
is surrounded by the very hot fireball region where the applied power 
is dissipated. When this gas flow emerges from the tunnel, it forms 
a well defined and narrow tail flame. Because of its small radius, 
the emssion of the analyte atoms per unit surface is high, and this 
effect contributes to the sensitivity. 
The sample atoms in the central tunnel are heated by radiation 
and by conduction from the fireball and the system is analogous to a 
tube furnace but without reactivity at the wall. Consider a very 
simple model (Fig. 65) in which the walls of the tunnel are at a 
constant temperature, T
0
, for the length of the fireball and that 
beyond this length the temperature decreases exponentially with height. 
Assume that the sample atoms at a given height are all at the same 
temperature, T, which is the result of heating at a rate proportional 
to the difference between this temperature and the temperature of the 
68) S.Greenfield, Proc. Analyt. Div. Chem. Soc.,l976, 13, 280. 
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su=ounding tunnel. This results in an exponent~al increase in 
tein»erature with distance along the tunnel. Beyond the end of the 
tunnel, the plasma gases will cool exponentially while the temperature 
of the sample atoms continues to ~crease at a reduced rate, since the 
tein»erature difference is decreasing sharply. When the tein»erature of 
the sample atoms reaches that of the plasma gases, it too will decrease 
exponentially. Then, the greater the length of the plasma the greater 
is the maximum tein»erature of the sample atoms and the closer to the 
plasma is the position of the temperature maximum. Variation of the 
plasma tein»erature, T
0
, at least on this model, simply makes a proportional 
variation in the sample tein»erature at all heights. It does not alter 
the position of the maximum tein»erature, only its value. 
--Fig. 65. 
I 
' 
' 
I 
I 
~~~ ~~ ~ 
Model for Sample Heating. The 
longer the plasma, the higher is 
the tein»erature attained by the 
sample and the closer to the top 
of the plasma does the maximum 
atom tein»erature occur. 
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An increase in power that causes an increase in the temperature 
and s~ze of the plasma will result in an increase in the temperature of 
the sample atoms owing to both effects and a movement of the pos~tion 
of maximum temperature nearer the f~reball. 
~s model is consistent w~th the experimental observations of 
Chapter 6, and as will be seen, is supported by calculated temperatures 
for the analyte stream at various heights being in agreement with 
measured temperatures in the tail-flame. 
Section 7.2. Temperature Measurements. 
The plane mi=or which is used to reflect the radiation from the 
source onto the grating of the F.A.l9 Polychromator (Section 2.5) 
can be rotated via a micrometer screw allow~ a scan of some 30 angstroms 
either side of the normal wavelength of a channel line. By connecting 
this screw to a small driver motor it was poss~ble to scan over several 
lines near to a chosen channel line. Thus it was possible to scan over 
the two zinc lines of wavelengths 3072.06A and 3075.90A using a common 
photomultiplier. These two lines are an almost ideal l~e pair for 
temperature dete~nation by measurement of the ratio of the l~e 
intensities 69 The excitation potentials for these lines of 8.08 
and 4.01 e.v. respectively, differ widely, whereas the difference in 
wavelength is very small. 
Us~ng the equation 59 
T 
= 
Zinc has an ionisation potential of 9.39 e.v. 
0.434 di 
I ------ 116 
where Va' Vb = exc~tation potentials and I = rat~o of intensities, 
an estimate of the R.S.D. for T is in the range 0.5 - 1.5% for a 
co=esponding R.S.D. intensity ratio of 5 - la% and a temperature range 
69) P.W.J.M.Boumans, "Theory of Spectrochemical Excitation", 
Hilger & Watts, 1966, 106-110. 
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of 5000-7000 K. Values of gA (the statistical weight times the 
transition probab~lity) are well established and agreement is good. 
The temperature is ~ven by the equation 69 
T = 
20510 
2. 580 + log10 (I 3076) (I 3072) 
Section 7.2.1 Values of Temperature Obtained. 
------ 117 
Us~ng a zinc ~trate solution of 1.5% wt./vol. concentration, 
height/power/temperature relationships were obtained. These are 
tabulated in Tables 72-78 and Shown graphically in Figs. 66 and 67. 
Where the OH background made a significant contribution it was 
subtracted. 
It can be seen by reference to these figures that there is a 
maximum temperature in the tail-flame which tends to be closer to the 
end of the plasma the higher the power. Furthermore, as suggested, - - · 
after reaching this maximum temperature the temperature of the analyte 
decreases exponentially, as shown by the fit of the data to the curve 
y = aebx which has been used to extrapolate the line by substituting 
the measured values in the equation. Fig. 68 is a contour map of 
temperature versus power and height. 
So far the experimental facts seem to fit the model fairly well, 
if only qualitatively. However, on the same graphs of temperature 
(Figs. 66-67) are given calculated values for the temperatures in the 
tunnel itself. How these were derived is explained in Section 7.3. 
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Table 72. Height/Power/Temperature Relationships. 
S.C.l5 generator. 
Power in plasma 0.80 kW. 
Top of cell (cm.) 2.32 
Top of plasma (cm.) 0.10 
Plasma gas flow (t/min.) 6.0 
InJector gas flow (L/min.) 2.6 
Coolant gas flow (L/min.) 20 
a = 26.3 
~076 b Height !3076 
cm. Gain. m.v. m.v. 
2.42 6 45.5 27.3 
2.56 6 39.4 27.0 
:e-b 
~072 b 2076 !3072 :e-b 
m.v. m.v. 2012 
28.2 27.5 36.4 
27.0 26.8 62 
Table :Z3· Height/Power/Temperature Relationships. 
S.C.l5 generator. 
Power in plasma 1.25 kW. 
Top of cell (cm.) 2.38 
Top of plasma (cm.) 0.60 
Plasma gas flow (L/min.) 6. 0 
InJector gas flow (L/min.) 2.6 
Coolant gas flow (L/min.) 20 
a= 26.7 
b ~076 Height !3076 
cm. Gain. m.v. m.v. 
2.420 5 70.5 28.0 
2.560 5 56.6 27.3 
b 
:e-b 
~072 20:Z6 !3072 :e-b 
m.v. m.v. 30:Z2 
29.7 27.9 23.611 
28.0 27.2 36.625 
4952 
4690 
T°K 
5188 
4950 
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Table 74. Height/Power/Temperature Relationships. 
S.C.l5 generator. 
Power in plasma 1.67 kW. 
Top of cell (cm.) 2.42 
Top of plasma (cm.) 1.02 
Plasma gas flow (L/min.) 6.0 
InJector gas flow (L/min.) 2.6 
Coolant gas flow (L/min.) 20 
a= 25.9 
b 
:r:-b 
~076 ~072 b 20:Z6 Height I3076 I3072 :r:-b 
cm. Gain. m.v. m.v. m.v. m.v. 20:Z2 T°K 
2.420 4 93.0 28.4 33.2 28.0 12.423 5582 
2.56 4 89.0 27.9 31.2 27.0 14.548 5480 
3.06 4 72.5 26.7 28.4 26.2 20.818 5261 
3.56 4 57.8 26.3 27.0 26.0 31.50 5029 
4.06 4 50.0 26.1 26.4 25.9 52.20 4772 
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Table 75. He~ght/Power/Temperature Relationships. 
R.D. 150 generator. 
Power in plasma 2.03 kW. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 2.38 
Plasma gas flow (t/min.) 13.0 
InJector gas flow (t/min.) 4.8 
Coolant gas flow (L/min.) 35.0 
a= 31.8 
:r:-b 
So76 
b 
So72 
b 2016 
Height I3076 I3072 :r:-b 
cm. Gain. m.v. m.v. m.v. m.v. 2072 T°K 
2.45 1 59.9 33·4 36.6 33.2 7.794 5908 
2.70 1 54.2 33.1 35.6 33.2 8.792 5820 
2.95 1 53.3 33.0 35.0 32.8 9.227 5786 
3.20 1 53.0 33.2 35.0 32.8 9.00 5803 
3.70 1 51.1 32.5 34·5 32.6 9.789 5743 
4.20 1 52.5 32.5 33.9 32.5 14.286 5491 
4.70 1 52.5 32.6 33.4 32.5 22.111 5226 
5.20 1 50.1 32.0 33.0 32.3 25.86 5137 
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Table 76. Height/Power/Temperature Relationsh~ps. 
R.D.l50 generator. 
Power in plasma 3.57 kW. 
Top of cell (cm.) 2.24 
Top of plasma (cm.) 2.67 
Plasma gas flow (L/min.) 13 
InJector gas flow (L/min.) 4.8 
Coolant gas flow (t/min.) 35 
a = 28.4 
b 
r:-b 
~076 ~072 b 3076 He~ght 13076 13072 r:-b 
cm. Gain. m.v. m.v. m.v. m·.v. 3072 T°K 
2.45 1 58.0 30.3 37.0 30.6 4.328 6377 
2.70 1 56.0 30.2 35.8 30.0 4.448 6353 
2.95 1 52.2 29.8 35.1 30.0 4.392 6394 
3.20 1 50.0 29.6 35.0 29.9 4.000 6446 
3.70 1 50.3 29.7 34·7 29.8 4.204 6402 
3.95 1 50.5 29.5 34.0 29.8 5.000 6255 
4.20 1 49.1 30.0 33.1 29.8 5.788 6136 
4·75 1 46.2 29.5 32.0 29.5 6.680 6024 
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Table 77. Height/Power/Temperature Relationships. 
R.D.l50 generator. 
Power in plasma 5.56 kW. 
Top of cell (cm.) 2.20 
Top of plasma (cm.) 3.03 
Plasma gas flow (.t/min.) 13 
InJector gas flow (.t/min.) 4.8 
Coolant gas flow (.t/min.) 35 
a = 30.1 
b b 
r:-b 
~076 ~072 3076 Height I3076 I3072 r:-b 
cm. Gain. m.v. m.v. m.v. m.v. 3072 T°K 
2.45 1 73·7 38.6 48.8 38.5 3.408 6590 
2.70 1 72.0 35.6 47.4 35.5 3.059 6690 
2.95 1 73.6 34.8 48.4 34.4 2.771 6785 
3.20 1 75.6 33.6 50.0 33.5 2.545 6869 
3.45 1 75.6 33·3 51.1 33.1 2.35 6950 
3.70 1 74·3 32.9 51.0 33.2 2.326 6961 
3·95 1 68.8 32.6 48.0 32.6 2.350 6950 
4.20 1 66.9 32.6 45·5 32.4 2.618 6841 
4.75 1 60.1 32.6 41.1 32.5 3.198 6649 
5.20 1 56.0 33.0 38.7 32.3 3·594 6541 
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Table 78. Height/Power/Tem~erature Relationships. 
R.D.l50 generator. 
Power in plasma 6.73 kW. 
Top of cell (cm.) 2.22 
Top of plasma (cm.) 3.57 
Plasma gas flow (J.fmin.) 13 
InJector gas flow (.t/min.) 4.8 
Coolant gas flow (.t/min.) 35 
a = 32.8 
b b 
r:-b 
So76 So72 
2016 
Height 13076 13072 r:-b 
cm. m.v. m.v. m.v. m.v. 3072 T°K 
2.45 79-5 47.0 63.0 45.0 1.806 7230 
2.70 91.1 37.8 60.5 39.2 2.502 6887 
2.95 94.2 36.9 63.8 37-5 2.179 7028 
3.20 94.1 36.0 66.9 35-9 1.874 7190 
3-45 90.8 35.0 70.5 35-4 1.590 7374 
3-70 85.8 35.3 70.1 35.0 1.439 7491 
3-95 73.8 35-5 62.0 34.8 1.408 7517 
4.20 71.0 34-4 54-5 35.1 1.887 7182 
4-75 63.9 34-3 47-5 34-5 2.277 6982 
5.20 62.3 34.2 43-4 33-7 2.897 6742 
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Section 1. 3 Heat Transfer. 
The problem of heat transfer by convection, to a gas flow~ng 
through a tube was first considered by Graetz70 and a convenient exposition 
has been given by Jakob71 • The problem has been solved, by Graetz, 
only by neglechng the variations of the thermal properties of the 
fluid, through using mean values, 
The quant~ties which are relevant to the emission of spectral lines 
are the temperature distribution and the straightfor•ard mean temperature 
as a function of distance along the tunnel. A frequently quoted 
empirical approximation applies to what ~s known as the "cup =ng 
temperature" 72 • This is the temperature which would be obtained if 
the fluid flowing through the tube were collected in a cup and mixed. 
Because the velocity of the fluid is not constant over the cross-section 
of the tube, the cup-mixing temperature has to take this into account; 
there is a greater contribution from the centre of the tube, where the 
velocity is high, than from near the wall, where the veloc~ty is low. 
For problems of heat transfer, the cup-mixing temperature is the 
appropriate mean to use; for the purposes of the present wor~ however, 
where the emission is related to temperature and the heat transferred 
from the plasma by the inJector flow is of little importance, the 
ordinary arithmetic mean temperature is the quantity of interest. 
The simpler empir~cal relation is thus not relevant here but has been 
discussed because it misled this author for a time, 
70) L. Graetz, Ann. Phys., 1885, 25, 337. 
71) M. Ja.kob, "Heat Transfer", Vol.l, Wiley, New York, 
1949.' 451-464. 
72) A. J. Ede "An Introduction to Heat Transfer" 
Pergamon Press 1967. 
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The appropriate solution is Jakob's 7l equation 22-45. 
------ 118 
Ja.kob 7l has tabulated values of R
0
, R, and R:z as functions of the 
fractional radial coordinate r/s (s being the radius of the tube) and 
these are given in Table 79· x is the distance along the tube. 
Table 79. Values of R
0
, R, and R:z for 
Various Values of r;s. 
r/s Ro R, R:z 
0 l l 1 
0.2 0.929 0.607 0.206 
0.4 0.738 -0.106 -0.407 
0.6 0.483 -0.432 0.104 
0.8 0.224 -0.305 0.278 
1.0 0 0 0 
mo' m, and ID:! are given by :-
m = 11.5 k/cw. 0 
m, = 69.7 k/cw. 
ID:! = 166.6 k/cw. 
( _, -,) where k is the thermal conductivity of the fluid watt. cm • deg , 
c its specific heat (J.g""1. deg-,) at constant pressure, and w the 
mass flow (g. sec-,) of the fluid. 
a is the difference between the temperature T of the tunnel wall 
s 
(assumed constant) and the temperature T at radius r and distance x 
along the tunnel. a is the value at x = o. 
0 
Thus ~±' the variable is changed to temperature rather than 
temperature difference, and we define M = kx/cw we have 
--- --- ------------------
T-T 
s 
T-T 
0 s 
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Note that M, involving thermal conductivity and specific heat is a 
function of temperature, so that the straightforward approach of solving 
for T cannot be adopted. 
To avoid this problem the following procedure was used. The 
expression on the right hand side of equation 119, is plotted (Fig. 69) 
as a function of M for a series of values of r/s, which determine the 
factors R
0
, R, and R:! • 
Values are chosen for the tunnel temperature Ts' the inlet gas 
temperature T and the desired temperature T, so that the left hand side 
0 
of equation 119 can be determined. 
For the ~ven values of r/s, the values of M satisfying equation 
119 can be obtained from the intersections of the curves of Fig. 69 w~th 
the appropriate horizontal straight line. From such values of M, 
x/w can be evaluated if values of k/c are known. Such values depend 
on temperature and here the mean temperature t(T
0 
+ T) is used. 
Values of k/c are obtained by consideration of the Prandtl number, 
defined as IJoc/k where 1Jo is the viscosity. The Prandtl number 73, for a 
perfect monatomic gas, is independent of temperature and has the value 
2 / 3 • This has been confirmed for argon over a moderate range of 
temperatures 73. Thus k/c can be evaluated from ;J.M/2. 
The dependance of viscosity on temperature has been well 
approximated 74 by 
73) R.C.Reid and T.K.SIJ.erirood "The Properties of Gases and Liquids", 
2nd Ed.., McGraw-Hill, 1966. 
74) J.Jeans, "Kinetic Theory of Gases", Cambridge, 1940. 
y 
,02 ,06 .os .10 ,12 
r/s 
0 
.2 
·4 
.6 
.8 
.14 M 
F~g. 69, Plot of y = 1.447R0e-ll.5~!- 0,81R1 e-69.7J.! + 0.385R2 e-l,66!·! 
for var~ous values of r/s (Jakobs p,455), 
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For argon 75, when~ is expressed in poises, ~ 0 = 0.00021 
Then k/c = 3.17 x 10-.; T 0 "82 
With these values of k/c, values of x/w can be evaluated from the 
values of M obtained graphically. 
Thus given the tunnel temperature Ts' the inlet gas temperature 
T0 and the mass flow of the fluid w, the values of x and r/s where a 
given temperature T is reached are obtained, so that a contour map 
with isotherms as contours can be plotted as they are for the low and 
high powered W.asmas m Figs. 70-71. From these, by interpolation, a 
radial temperature profile at any height can be obtained as in 
Figs. 72-73 and by dividing the cross-section of the tunnel into 
annuli a mean temperature can be deduced, by weighting the calculated 
temperature of an annulus by its fractional cross-sectional area and 
summing the contributions. 
An example (for Ts = 10,000 K, T
0 
= 500 K and w = 4.8 L/min. is 
shown in Table 80. The tunnel was divided into five annuli of mner 
radius a and outer radius b. It was found that such a calculation was 
stable with respect to the number of annuli used. 
The annuli have the fractional areas shown J.n column 2, their 
sum being unity. The mean temperature Tm of each annulus, obtained 
from the plotted profiles, is multiplied by its fractional area to 
give its contribution to the mean temperature and the sum of these 
contributions gives an overall mean temperature. 
75) G.w.C.Kaye and T.H.Laby "Tables of Physical and Cnemical 
Constants" • l4tn Ed., Longmans, 1973. 
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r s 
Heigho (cm.)-? 
Fracoional 
Radii of 
Annulas. 
a. b. 
0 0.2 
0.2 0.4 
0.4 0.6 
0.6 0.8 
0.8 1.0 
Mean Temperaoure 
Table 80. Example of Calculaoion of Mean Temperaoures 
from Profiles Oboained from Map of Isooherms. 
2.0 2.5 3.0 
Fraco1onal Mean 
Area Temp. 
b2-a2 Tm Tm(b2-a2 ) Tm Tm(b2-a2) 
-Tm Tm(b2-a2 ) 
0.04 700 28 700 28 700 28 
0.12 900 108 1100 132 1500 180 
0.20 2500 500 3250 650 4000 800 
0.28 6000 1680 6500 1820 7200 2016 
0.36 8700 3132 9000 3240 9200 3312 
-
5448 5870 6336 
Tm 
700 
1700 
4500 
7500 
9300 
3.5 
Tm(b2-a2 ) 
28 
204 
900 
2100 
3348 
6580 
1\) 
0 
\jJ 
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Another example (forTs= 10,000 K, T
0 
= 350 K and w = 2.6 L/min.) 
is shown in Table 81. 
Table 81. Example of Calculation of Mean 
Temperature from Profiles Obtained from 
Map of Isotherms. 
Height (cm) 0.7 1.0 
Fractional Fractional Mean 
Radii of Area. Temp. 
Annulas. 
a. b. b2 - a2 T Tm(1J2-a2) T T (1J2-a2) m m m 
0 0.2 0.04 500 20 500 20 
0.2 0.4 0.12 1100 108 900 132 
0.4 0.6 0.20 2500 320 1600 500 
0.6 0.8 0.28 6000 1540 5500 1680 
0.8 1.0 0.36 9000 3060 8500 3240 
Mean Temperature 5048 5572 
These mean temperatures are plotted in Figs. 66 and 67. The line 
produced can be made to fit the measured line reasonably well in the case 
of the low powered plasma. The mean temperature of 5572 K was 
calculated for a height of 1 cm. (which is the top of the plasma for 
1.67 kW) where there is no mea~~ement for temperature. All temperatures 
measured were made outside the cell because of cell staining. The 
lowest measured temperature is at 2.42 cm. (the top of the cell) where 
the temperature is 5574, a remarkable coincidence. After emerging 
from the plasma tunnel it might be expected that the inJector flow 
would continue to be heated until it reached the temperature of the 
sheath, and then to cool, so the calculated value seems ~uite sensible. 
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The other mean temperature of 5048 K, calculated for the low 
powered plasma is for a tunnel length of 0.7 cm, which corresponds to 
the top of a plasma of power 0.8 kW. In this case the temperature 
at the top of the cell (1.7 cm. above the top of the plasma) is 
4952 K. Again very good agreement is obtained. 
The fit of the lines for the high powered plasma is not as good 
as for the low-powered. There is a discrepancy of approximately 800 K 
for a plasma 3.5 cm. long. Nevertheless, there is nothing to suggest 
that the model put forward in Section 7.1 does not fit the 
experimental facts reasonably well and there is nothing inconsistent 
with the view that excitation is thermally controlled. 
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CHAPI'ER 8 
OPTIMISATION OF PLASMA CONDITIONS. 
In the preceding chapters it has been shown beyond doubt that 
the measured emission from a plasma source is dependant in value upon 
the parameters height of viewing and the power (temperature) of the 
plasma. Furthermore, these parameters are inter-active. It was 
also known that the emission was dependant upon the nebuliser gas flow 
as is demonstrated by reference to the data in Fig. 74 which shows 
clearly that there is an optimum nebuliser gas flow to give maximum 
emission. A similar dependance occurs with the plasma gas flow; this 
is shown in Fig. 75. The quest~on arises, are all these parameters 
inter-active one on the other? If they are, then clearly before any 
comparisons can be made between plasma torches it is necessary to ensure 
that each torch is operating under ~ts optimum conditions. It was 
decided that in future experiments such an optimisation would be carried 
out. 
Section 8.1 Factorial Optimisation of Plasmas. 
Experiments based on factorial designs are widely used and have 
been extens~vely described76• Such experiments are planned so that the 
different independent variables, in this case, power, position of 
observation and the three gas flows, can be varied from a high level to a 
low level according to a pattern and from the 2n experiments (32 in this 
case) the effects of the independent variable and their inter-actions 
one with another can be extracted. 
the t . x-b ra ~o b 
-a 
The response to be maximised is 
76. D.L.Davies "The Design and Analysis of Experiments" 
2nd Ed., Oliver and Eoyd, 1956. 
. 
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Fig. 74• Effect of nebulJ.ser gas flowrate on the emJ.ssJ.on 
from lOO ppm of CalcJ.um at 3968Aa. 
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F1g. 75. Effect of plasma gas flowrate on the em1ss1on from 
lOO ppm of Calo1um at 3968A0• 
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Many experiments, each requiring approximately four hours to 
complete, were carried out and data from a typical example is shown in 
Table 82. The two levels of the five variables are specified in the 
top left hand corner and the numbers -1 and 1 in the five columns 
indicate low and high levels used for the particular readings. 
Corresponding to these conditions are shown the measurements of x and b, 
X- b from which are derived the values of b _ a The next four columns are 
part of the simple systematic calculation (Ref. 76, p.263): the top 
half of the first column consists of sums of successive pairs of 
responses and the second half of differences between successive pairs. 
This process ~s repeated ~ the next four columns, the last of which 
gives the values of 16 times the effects. In general for n variables 
there are n such columns and the effects are obtained from the final 
2n-1. column by dividing by The variables to which the effects in the 
last column refer are those which have + signs in the first five 
columns for the given line. The top line is simply the total of all 
the readings: the next line shows that an effect of tt is due to height, 
the only variable which has a +1 ~n the first column, the line after 
-5.8 16 gives an effect of 16 to the coolant flow, and the next 16 to the 
interaction between height and coolant. The ten largest effects 
are listed in Table 83. 
TABLE 82. FACTORIAL OPTIMISATION OF PLASMA VARIABLES. 
Heigh:t* Coolarn* Plasma* NebuJ.ise~ Powe~ 80 second exposure. 
Low 220 12 2 8 :1:·2 X b a x-b b-a x-b Es-cima-ce of 
High 1220 21 10 16 2·0 Coun-cs Coun-cs Coun-cs Coun-cs Coun-cs b-a 16 Effec-cs. 
-1 -1 -1 -1 -1 749 51 13 698 38 18 67 119 199 408 692 
1 -1 -1 -1 -1 15782 326 13 15456 313 49 52 80 209 284 74 
-1 1 -1 -1 -1 507 37 13 470 24 20 43 58 152 70 -58 
1 1 -1 -1 -1 22624 688 13 21936 675 32 37 151 132 4 16 
-1 -1 1 -1 -1 53598 2188 13 51410 2175 24 27 95 37 -34 26 
1 -1 1 -1 -1 176440 9040 13 167400 9027 19 31 57 33 -24 -124 
-1 1 1 -1 -1 50128 2520 13 47608 2507 19 84 61 6 4 -4 
1 1 1 -1 -1 155968 8392 13 147576 8379 18 67 71 -2 12 34 
-1 -1 -1 1 -1 29 16 13 13 3 4 50 43 -21 54 -10 
1 -1 -1 1 -1 4428 199 13 4229 186 23 45 -6 -13 -28 -12 
-1 1 -1 1 -1 33 16 13 17 3 6 31 38 -10 -92 4 
1 1 -1 1 -1 6207 247 13 5960 234 25 26 -5 -14 -32 46 
TABLE 82 com;d. 
He1gln* Coolan-t* Plasma* Nebulise:r* Power* 80 second B!]Osure. 
Low 220 12 2 8 1·2 X b a x-b b-a x-b Esuma"te of 
Hi~ 1220 21 10 16 2 .o Coun"ts Coun"ts Coun"ts Coun"ts Coun"ts b-a 16 Effec"ts. 
-1 -1 1 1 -1 34704 728 13 33976 715 48 36 11 -15 -12 180 
1 -1 1 1 -1 177184 4776 13 172408 4763 36 25 -5 19 8 6 
-1 1 1 1 -1 29752 960 13 28792 947 30 37 7 0 42 -22 
1 1 1 1 -1 159872 4240 13 155632 4227 37 34 -9 12 -8 -16 
-1 -1 -1 -1 1 33336 1456 13 31880 1443 22 31 -15 -39 10 -124 
1 -1 -1 -1 1 55088 1904 13 53184 1891 28 12 -6 93 -20 -66 
-1 1 -1 -1 1 28928 1376 13 27552 1363 20 -5 4 -38 -4 10 
1 1 -1 -1 1 71240 2736 13 68504 2723 25 -1 -17 10 -8 8 
-1 -1 1 -1 1 86648 4800 13 81848 4787 17 19 -5 -49 8 -82 
1 -1 1 -1 1 248032 16728 13 231304 16715 14 19 -5 -43 -4 60 
-1 1 1 -1 1 81152 5392 13 75760 5379 14 -12 -11 -16 34 20 
1 1 1 -1 1 254344 20072 13 234272 20059 12 7 -3 -16 12 -50 
TAllLE 82 con"td. 
Heie;!!"L* Cool an.* Plasma* Nebuliser* Power* 80 second e~osure 
Low 220 12 ~ 8 4·~ X b a x-b b-a x-b Es1ama "te of 
High 1220 21 10 16 2·0 Coun"ts Coun"ts Coun"ts Coun"ts Coun"ts b-a 16 Effec"ts. 
-1 -1 -1 1 1 2576 144 13 2432 131 19 6 -19 9 132 -30 
1 -1 -1 1 1 42304 2392 13 39912 2379 17 5 4 -21 48 -4 
-1 1 -1 1 1 1072 136 13 936 123 8 -3 0 0 6 -12 
1 1 -1 1 1 59032 3384 13 55648 3371 17 -2 19 8 0 -22 
-1 -1 1 1 1 78608 3520 13 75088 3507 21 -2 -1 23 -30 -84 
1 -1 1 1 1 279280 16432 13 262848 16419 16 9 1 19 8 -6 
-1 1 1 1 1 70872 3576 13 67296 3563 19 -5 11 2 -4 38 
1 1 1 1 1 280840 17712 13 263128 17699 15 -4 1-10 -12 -8 
* These figures refer "tO 1ns10rumen10 readings and could be conver"ted "to more familiar uni"ts by reference "to calibra101on 
curves. This was no"t necessary and was no"t done. 
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TAllLE 83. VARIABLES WITH THE LARGEST EFFECTS. 
Var~able. Effect. 
Plasma x Nebuliser 
Height x Plasma 
Power 
Plasma x Nebuliser x Power 
Plasma x Power 
Height 
He~ght x Power 
Height x Plasma x Power 
Coolant 
Height x Coolant x Plasma x Power 
180 
-124 
-124 
-84 
-82 
74 
-66 
60 
-58 
-50 
The expressions Plasma, Nebul~ser and Coolant refer to the flows of gas. 
If the effects due to one variable, which are known as the main 
effects regardless of their magnitude, are much bigger than the interact~ons 
involving two or more variables, the response surface will appro~te 
to a hyperplane in the five dimensions under discussion and a direction 
can be chosen so that moving along this direction will result ~n rapid 
max,misation of the response. In this case, however, the two largest 
effects are interactions (plasma gas - nebuliser gas and plasma gas -
height) so that the response surface is far from planar. In these 
circumstances it ~s not possible to predict the best search direction 
for anything more than an infinitesimal smft and the only reasonable 
procedure is to try to fit the response surface to a surface mvolving 
higher power terms co=esponding to the interactions. 
x-b . d mu1 . 1 ' . The values of ---b were f~tte by an m-house t~p e regress~on 
-a 
program to several hyper surfaces : the best fit was :-
y = 40. 9x3 + o.000256x., 2 - o.000335x., "2 - o.0883x., x3 - o.106x., Xs - 0.245"2x3 
---- 122 
' 
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Then, usmg "this "bes"t" equa"tion for "the surface, numerical me"thods 
can be used "to "trace a pa"th from any s"tar"ting poin"t "to a maximum value. 
When "th~s was or~ed, "the fi"t of "the surface "to "the experimen"tal 
po~n"ts was poor, and when maxima were sough"t from five differen"t 
s"tar"ting pos~"tions, wi"thou"t excep"tion "they led "to predic"ted condi"tions 
w~ch were no"t physically realisable. 
In a number of cases, "the main effec"ts were predominan"t, so "tha"t 
a search direc"t~ve could be predic"ted. However, when exper~men"tal 
searches were made in "these direc"t~ons, very lio"tle improvemen"t could 
be ob"tal.Iled. Changes in signal "to background ra"tio seemed "tO be 
qui"te small compared wi"th uncer"tal.Il"t~es of measuremen"t, and probably 
"'"""the only conclusion oha"t could safely be drawn from "trus work was oha"t 
ian~ fairly level ridges exis"ted in direc"tions involving all "the 
.five variables (i.e. direc"tions ~n five dimensions analogous "tO 
~ 
diagonals in wo dimensions) • 
~
Sec"tion 8.2. Opoimisa"tion by The Simplex Me"thod. 
In "the Simplex me"thod "the response ~s measured wioh condioions 
defined by "the ver"tices of "the simplex, which is a regular figure wi"th 
n + 1 ver"tices 1.Il ann-dimensional space. In wo dimensions "the 
s~plex is a oriangle, in 3 dimensions a "te"trahedon, w~"th analogues in 
spaces of higher d~ensions. The ver"tex wioh "the poores"t response is 
"tO be replaced by i"ts reflec"tion in "the cen"troid of "the remaining 
ver"tices, so "tha"t experimen"tal condi"tions corresponding "tO "this 
reflec"ted posi"tion are chosen and a new measuremen"t made. Cer"tain 
ex"tra rules are some"times required77, bu"t "these need no"t concern us here. 
Table 84 shows data..for an example. 
77. M.J.Box., D.Davies., and W.H.Svrann., "Non-Linear 
Opoimiza"tion Tec~ques", Oliver and Boyd, 1969. 
----------------------------------------
TABLE 81. OPTIMISATION BY THE SIMPLEX METHOD. 
Heigh"t* Coolan"t* Plasma* Nebulise:rl'" Powe:J'" X b a x-b b-a x-b Ver"tex. b-a 
1250 12 3 8 4-3 31318 826 15 30492 811 38 1 
950 12 10 16 4-3 70242 1760 15 68482 1745 39 2 
1250 21 10 16 4-3 263688 9960 15 253728 9945 26 3 
1250 12 10 16 4-3 267440 10392 15 257048 10377 25 4 
1250 12 3 8 4-3 33672 1752 15 31920 1737 18 5 
950 21 10 16 4-3 57560 1728 15 55832 1713 33 6 
1130 15.6 8.6 14.4 4-3 Cen"troid 
1010 19.2 14.2 20.8 4-3 40008 1256 15 38752 1241 31 7 
1010 19.2 14.2 20.8 4-75 78376 2192 15 76184 2177 35 8 
1034 16.7 10.3 16.3 4-39 Cen"troid 
818 12.4 10.6 16.6 4-5 49328 1136 15 48192 1121 43 9 
996 15.3 9.6 15.5 4-43 Cen"troid 
982 11.4 ').0 10.2 4.56 74784 2040 15 72744 2025 36 10 
1002 13.4 8.56 14.3 4.48 Cen"troid 
1054 5.8 7.12 12.6 4.66 147816 3760 15 144056 3745 38 11 
-lOll 10.7 7.1 12.7 4-46 Cen"troid 
1012 2.2 0.0 4.6 4.17 Plasma gas value pred~c"ted no"t possible, "therefore 
following values were used. 
1012 2.2 3.1 4.6 4.18 4016 520 15 3496 505 7 12 
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Of ohe ~n~•ial ver•~ces, number 5 was •he wars•. 
of ohe ooher five was calculaoed for each variable and a new ver•ex 
defined by oaking, for each variable x1 = 2X - x, where X is ohe 
cen•roid, x ohe old value and x1 ohe new. Noo very much improvemeno 
was found compared w~•h ohe unceroainoies of measuremeno, and afoer 
several experimenos of •his kind, lioole confidence was fel• ohao a 
significano opoi~saoion was being achieved. 
One possible reason for ohe failure bo•h of •he facoorial design 
and •he simplex approaches is ohao •hey are booh dependeno on choos~g 
discreoe values for ohe opera•ing con~oions and •hen ~g measuremenos 
The ques,;ion of scale ~s impor•an•: if owe se•s 
of condioions are ooo close ,;o each o•her, •he difference in measured 
response will depend on noise and so apparenoly ~rra,;ional and 
If ,;hey are ,;oo far aparo ,;hey 
may s•raddle ,;he desired peak and ohe shif,;s ob,;ained can be capr~c~ously 
dependano on minor varia•ions in slope among ohe "fooohills". For 
,;~s reason, ,;here is much •o be said for an experimenoal meohod where 
ohe response can be measured conoinuously. Much of ,;he lioeraoure 76 is 
concerned wioh opoimisaoion of maohema,;ical func,;ions and wioh baoch 
yields from a plan• and booh ohese necessarily involve ~scre•e 
experimen•a•ion or compu,;a•~on. However, in ,;he preseno experimen,;s, 
where ,;he resul• can be seen insoan,;ly, conoinuous measuremen• can be 
made. Io is possible •o sweep ohe variables ohroughou,; ,;heir 
physically realisable range and so •o ge• rid of •he problem of 
scale. 
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Sec,;ion 8.3 Op"timisa,;~on by The Al,;erna,;ing Variable Search Me,;hod. 
In ,;ms me"thod each mdependen,; var~able is cons~dered m ,;urn 
and al ,;ered un,;il a maximum of "the func,;ion is loca,;ed, ,;he remaining 
(n - l) variables remaining fixed. The curren,; bes"t poin,; "therefore 
moves parallel ,;o each axis in ourn, changmg direc,;ion when a maximum 
in •he curren"t direcoion of search is reached. 
If "the coun"tours of ,;he objec"tive func"tion are hyperspherical 
"then, m "this case, five linear searches should find "the maximum. 
If, however, ,;he con"tours are elonga•ed in some direc,;ion, as is 
shown in Fig. 76 for wo variables, only small s"teps can be ,;aken and 
,;he me"thod ~s inefficien"t. However, wide sweeps can be made and ,;he 
problem of scale is avoided. 
xz 
Fig. 76. 
Xj 
Aloerna"ting Var~able Search Me,;hod, 
w~,;h TWo Variables, Applied ,;o 
Elonga•ed Con"tours. 
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The "echnique adop"ed was "o use ~o channels of "he poly-
"he background, 
firs" over a large range of condi"ions when wa"er was nebulised, bu" 
no difficul"Y was found ~ choosing a channel which sa"isfied "his 
condi"ion. The ~o channels were "hen connec"ed via opera"ional 
amplifiers, much "he same as~ Fig. 46., "o an X-Y recorder so "ha" 
X represen"ed "he signal and Y "he background. One variable a" a 
"ime was al"ered and from "he resul"~g "race a value was chosen 
corresponding "o "he poin" which when connec"ed "o "he origin gave 
"he line of leas" slope. 
has i "s maximum value. 
Referring "o F~g. 77 i" can be seen "ha" wha" is ac"ually 
max~sed is x - a • b,- a, 
-t 
a. 
t 
s~gnal channel 
v ~ 
b a., 
t t 
Background channel 
Fig, 77. Representa_t~ons of the s~gnals to the X - Y recorder, 
t 
b, 
... 
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However, from ohe soraigho line ohrough ohe orig~ on ohe recorder 
char• when waoer is nebulised io can be said :-
b1 - ~ = k (b - a) 
where k is some cons•an•. 
So ohao whao is maximised is :-
x-a 
k(b-a) = 
1 
k 
X- b + l 
b- a 
------ 123 
------124 
Sec•ion 8.3.2. The Al•ernaoing Variable Search Meohod in eperao~on. 
The nexo five figures show ohe ploos oboained from ohe X - Y 
recorder in one compleoe cycle of a search for ohe opoimum values for 
ohe boron line 2498A. The firs• variable oo be aloered was power, 
The data obtained is shown ~n Fig. 78. 
( 
~ ~ 
~ :-== 
~ 
~ ~ ~ I ~ 
c~: 
~Qnru~------------------------~-- -
Fig. 78. Variahon of Signal_ and BacKground, 
Corrected for Darl<: Current, With 
Power. Boron 2498A. 
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The horizontal coordinate is the signal from the boron channel at 
2497.7A and the vertical coordinate the estimate of the background at 
2542.41. The ratio of ~ - b has its maximum value when the slope of 
-a 
the vector from the origin has its smallest value. It can be seen 
that this ratio is almost constant between 2 and 3.8 kW: tllls 
illustrates the presence of long ridges of which more will be said 
later. At a power somewhat above 3.8 KW it deteriorated, very 
dramatically. The power was, therefore, set to 3.8 kW and the next 
var~able altered. Note that this value of 3.8 is not necessarily 
the final value. It represents the optimum value of power for the 
settings used for the other variables, but in the next cycle of 
optimisation, when all the other variables may have new values, it may 
be replaced by a higher or lower value. 
The next variable to be altered was the heiiht of observat~on, 
measured from the top of the plasma. The data obtained is shown in Fig. 79 
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Fig. 79. Variation of Signal and Background, 
Corrected for Dark Current, With Height 
of Observation. Boron 2498A. 
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The ratio lmproved modestly as the plasma was approached until 
the distance was 5-6 mm. Thereafter it worsened until, when the 
plasma was entered another dramat~c deterioration was seen. 
Data showing the effect of vary~g the nebul~ser gas flow is 
given in Fig. SO. 
Slonal-
·---- -~ --
Fig. SO. Variation of Signal and Background, 
Corrected for Dark Current, With 
Nebuliser Gas Flow. Boron 249SA. 
x-b Here again there ex~sted a ridge with a constant rat~o of :=b'---"-
- a 
between 5.1 and 4.0 L/min. The ratio and the signal both decreased 
for lower values. 
The effect of varying the plasma gas flow is shown in Fig. Sl. 
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--::- I ~ t -
~- _£_- - ~ 
Fig. 81. Variation of Signal and Background, 
Co=ected for Dark Cl=ent, With 
Plasma Gas Flow. Boron 2498A. 
In this experiment there were large variahons in the signal and only 
quite small ones in the background. 
Data showing the effect of varying the coolant gas flow are given 
in Fig. 82. It shows that, for boron, the rat~o does not depend very 
strongly on the coolant gas flow, but that, nevertheless the range 
2?-30 L/min. is prefe=ed. 
These Figs. 78 - 82~ illustrates one cycle of the opt~sation 
process and this was repeated until no further ~mprovement was achieved. 
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_o Sklnal~ 
Fig. 82. Variation of Signal and Background, 
Co=ected for Dar-K Current, With 
Coolant Gas Flow. Boron 2498.A.. 
It is possible, when long diagonal r~dges occur that this 
procedure will not lead to the true maximum but to a position on the 
ridge which is a maximum with respect to x and y separately but not 
when varied together. Accordingly it was checked that altering the 
variables in pairs did not lead to any improvement. In these 
experiments, there was further evidence of long ridges. These 
showed up on the X - Y recorder as straight line~ which, if proJected 
backwards, 
X- b 
b was 
- a 
passed through the origin. When these occu=ed the ratio 
constant over a range of the variable and the value was 
chos.en furthest away from the origin since this po~nt has the bonus 
of higher sensitivity. 
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In another experiment using a manganese sulphate solution and 
the line at 2576A, four different searches by different routes 
converged to the same values, these routes are tabulated in Table 85. 
One of these was very slow indeed, req~r~ 17 cycles. An interesting 
feature is that from one set of initial condit~ons the path split into 
two different branches, as is shown by the data in Table 85 and 
diagramatically in Fig. 83, in the sense that it was poss~ble to obtain 
al f x-b . the same v ue o the ratio b w~th two very different values of 
- a 
plasma gas flow, while for intermediate values the rat~o deteriorated. 
In Fig. 83 the values of the gas flow in litres per minute are marked 
against the points where the recorder pen came to rest; the parts between 
show how the pen moved when the flow was in process of being altered. 
The line through the origin indicates where the optimum values occurred. 
It was a great relief when the two branches eventually came together at 
the true optimum. 
Once the position of maximum signal to bacxground ratio had been 
established the signal and the background were measured separately 
us~g the integrator. The background was estimated by plotting the 
signal obtained when the plane mirror was rotated (Section 7.2) so 
that measurements could be taken either side of the atomic line. 
(The reason for this approach was to avoid the poss~bility of interference 
due to the presence of impurities in the de~onised water). 
Referring to the data in Table 85 it is interesting to note that 
X- b the value of the ratio b _ a , for the initial condit~ons at the head of 
the table, was 1173. After optimisation this value rose to 5740, a 
five-fold increase. 
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Table 85. Op-.:iml.sa-.:ion by Al-.:erna-.:ing 
Variable Search Me-.:hod. Mn 2576.1A L~e. 
1000 p.p.m. concen-.:ra-.:ion ~s manganese sulpha-.:e. 
Background channel Fe 2599A RD 150 Genera-.:or. 
Cycle Heigh-.: Power Plasma Nebuliser Coolan-.: 
No. cm. ~ t{.~. t{.min. £{.min. Commen-.:. 
1 3-46 3-71 20 3-4 37-5 Top of 
2 5.40 6.16 35 3.1 37.5 plasma 3.8 cm. 
3 5-40 6.90 33 2.9 37-5 
4 5-40 6.90 33 2.9 37-5 
1 3.46 3-75 20 3-4 38 Repea-.: from 
2 6.10 6.00 40 3.1 38 si.mJ.lar 
3 5-40 6.00 40 2.9 38 s-.:ar-.:~g po~-.:. 
4 5.20 5-75 38 2.8 38 
5 5.10 5-75 36 2.8 38 
6 5.10 5.89 35 2.7 38 
7 5.10 5.89 35 2.7 38 
1 2.40 5.78 40 4.0 38 Repea-.: from a 
2 5-90 5-94 34 3.2 38 differen-.: 
3 5-30 6.42 36 3.2 38 s-car-.:~g po~-.:. 
4 5.40 6.90 35 3.0 38 
5 5.10 6.36 34 2.9 38 
6 5.10 6.02 35 2.9 38 
7 5.10 5-89 35 2.9 38 
8 5.10 5-89 35 2.9 38 
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Cycle Heigh-c Power Plasma Nebul~ser Coolan-c 
No. cm. ~ £/min. i/min. £/run. Commen-c. 
1* 6.40 1.20 10 2.5 38 Repea-c from 
2 3.80 4.26 14 2.6 38 a d~fferen-c 
3 3.90 4.99 14 2.6 38 s-car-c~g po~-c. 
4 3.90 5.61 18 3.1 38 
5 4. 70 6.16 23 3.1 38 
6 5.10 6.24 39 3.1 38 
7 5.30 6.06 38 3.1 38 
8 5.30 6.06 38 3.1 38 
1* 3.80 4.26 42 2.6 38 Repea-c from 
2 4.40 3.61 42 2.6 38 a differen-c 
3 4.60 3.83 40 2.6 38 s-car-c~g poin-c. 
4 4.40 4.14 40 2.6 38 
5 4.60 4.14 38 2.6 38 
6 4.70 4.17 38 2.6 38 
7 4.70 4.87 38 2.7 38 
8 4.80 5.37 38 2.7 38 
9 4.80 5.17' 37 2.7 38 
10 4.80 5.09 39 2.7 38 
11 4.80 4.95 34 2.7 38 
12 5.0 5.17 36 2.8 38 
13 5.10 5.59 34 2.8 38 
14 5.0 5.81 36 2.9 38 
15 5.2 6.12 35 3.0 38 
16 5.1 6.12 35 3.0 38 
17 5.1 6.12 35 3.0 38 
* Branch poin-cs of Fig. 83. 
1 
Fig. 83. 
.zc.-
.:u.-
~-
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Signal 
Vaxiation of Signal and Background, 
Corrected for Daxk Current, With 
Plasma Gas Flow. Mn 2576A 
Showl.Ilg branching. 
Although it appeared that the method was achieving the desired 
result it was felt that further confirmation should be sought by 
determining the signal to background ratio after each cycle. This 
promised to be a very time consuming business, if the integrator was 
used, as a number of replicates would have to be taken in order to 
establish statistical accuracy. It was also felt that a graphic 
representation of the ratio ~ - b would engender confidence in the 
-a 
procedure (although the author would not care to stretch this 
particular 'argument too far). Accordingly, after each cycle of yet 
• 
another Mn 2576.1A line part optimisation, the zero, dark current, 
background and element signals were recorded by us~ng the F.E.T. 
recorder system detailed in Sect~on 6.3, Fig. 46. The cycle details 
are tabulated in Table 86 and the recorder traces are shown in 
Figs. 84 - 89. 
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F~g. 85. Part optL~~sat~on by the alternat~ng var~able sear~~ method, 
!<In 2576 A0 hne 10 ppm concentrabon. Scan of s~gnals 
after 2 cycles. 
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Fig. 87. Part opt~~sat~on by the alternat~ng var~able search method. 
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F1g. 88. Part opt1m1sat1on by the·alternat1ng var1able search metho 
J.!n 2576 AD hne 0.4 ppm concentrat1on. Scan of S1gnals 
after 5 cycles. 
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F1g. 89. Part opt1m1sat1on by the alternat1ng var1able search method 
Mn 2576 A0 hne 0.4 ppm concentrat1on. Scan of s1gnals 
after 6 cycles. 
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us~ng the F.E.T. measur~ng system w~th a 100 mv recorder. 
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Table 86. Par"t Op"t~Sa"t~on by Al"terna"t~ng 
Variable Search Me"thod. Mn 2576.LA l~ne. 
concen"tra"tion as manganese sulpha"te. 
• 
channel V 3093A. R.D.l50 Genera "tor. 
Cycle x-b 1 . ~ norma ~sed "tO 
No. Heigh"t* Power* Plasma*· Nebuliser* Coolan"t* -a 1000 p.p.m. 
* 
1 1050 4.2 5 7 12 
2 1200 4.2 9 7 16 
3 1200 4·7 10 7 12 
4 1180 4.8 11.5 7 20 
5 1180 4.6 12.5 7 19 
6 1170 4.65 13.5 7 20 
As "this was only a par"t op"timisa"tion "the ins1:rumen1: readings 
were no"t conver"ted 1:0 appropria"te uni"ts. 
1574 
3229 
3514 
4126 
4187 
4517 
Fig. 90 shows repea"ted scans of one set of signals and gives an 
indica"tion of "the precision of "the sc~ng procedure, w~ch al"though 
no"t high, is probably suff~cien1:ly high 1:0 give confidence 1:ha"t "there is 
genuine improvemen• in "the ~ - b ra"tio as "the op"timisa"tion proceeds. 
-a 
Alohough "the al1:erna1:ing variable search me1:hod appeared 1:0 work 
i"t was fel"t "tha"t "the use of an X - Y recorder was 1:00 cumbersome and a 
more easily used sys1:em was required. 
Sec"tion 8.4 The Signal Divider. 
The basis of "this ins1:rumen1: is "the Analog Devices In1:egra1:ed 
Circui"t AD 5301 opera"ted in "the divide mode. The in1:egra1:ed c~rcui 1: 
con"tains a 1:ransconduc1:ance muloiplying elemen1: txj, S"table reference 
and ou1:pu1: amplifier on a monoli1;hic silicon chip. The only ex1:ernal 
componen"ts req~red (apar"t from a ~ 15v power supply) were rrim 
po1:en"tiome1:ers for adjus1:ing feedohrough, ou1:pu1: zero and gain. 
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The AD 530L divides in two quadrants (± Z, -X) with a 10 Z/X 
transfer function and a maximum e=or of 1.5% in the temperature 
range 0 to +70•c. Fig. 91 is a functional diagram of the device in 
block form. 
4- 15 V - 15 V 
20 k 
. ' 20 k 
-, l' 20 k 
(:!: lOv) +Vs Xo Yo Zo - Vs 
z VYY 
X X ~n ~ to -lOv) :---- X 'HY V y ~n 
(-1 
AD 530 
-=~ 
..... 
_l_ 7~'5 k 5'k 
Ga~n 
Fig. 91. The Signal Divider. 
Section 8.4.1 The Trim Procedure. 
I,I3 
I Vo 
= 1 0 z 
-x-
(:: lav) 
Although the trim procedure had been carefully done by the 
workshop personnel of Albright & Wilson Ltd., and no external controls 
had been provided, the trim procedure used is given here for 
completeness. 
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2) Wi•h Z = Ov, Z
0 
was •r~ed uo hold V
0 
cons•an•, 
as X was var~ed from- 10 v.D.C., •o- l v.D.C. 
3) W~•h Z = Ov, X= - 10 v.D.C., Y
0 
was •rimmed for 
0 v.D.C. ou•. 
4) Wi•h Z =X and/or Z =-X, X was urimmed for •he 
0 
mizLUrrum wors• case varia•ion as X var~ed from 
- 10 v.D.C. •o - l v.D.C. 
5) S•eps 2 and 3 were repeaued if s•ep 4 required a 
6) Wiuh Z = X and/or Z = - X, uhe gain was •rimmed for 
uhe closes• average approach uo ~ 10 v.D.C. as X was 
varied from - 10 v.D.C. uo - 3 v.D.C. 
A• + 25•c, X=- 10 v.D.C., Z =,!, 10 v.D.C., Error.max 
I • 
= ,!, 0.2%. 
X=- l v.D.C., Z = "= l v.D.G., Errormax. ="' 1.5%. 
The Operauion of •he Signal Divider. 
The mul uiplier X, in uhe divide mode is used in a feed-back 
configura•ion where •he Y inpu• con•rols uhe feed-back fac•or. Wi•h X 
au full scale (- 10 v.D.C.) uhe gain (V
0
/Z) becomes ~•Y af•er 
•rimming. Reducing •he X inpuu reduces uhe feed-back around uhe 
operau~onal amplifier by a s~lar amounu and •his mcreases uhe gain. 
As X approaches zero, uhe circuiu gain approaches uhe open loop ~n 
of •he opera•~onal amplifier producmg a proporuional degradau~on 
in accuracy, no~se and frequency response and so l~uing uhe usable 
dynamic range. 
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The div~de mode error (ed) is related to the basic multiplier 
error (em) by 
So that as X approaches zero the divide error, when trimmed as a 
multiplier, can become very large. However, the divider is limited 
to operate in two quadrants and the trim procedure given minimizes this 
error over a 10/1 range in X to give the specification shown above. 
The error is acceptable over the range X = -1 to -10 v.D.C. 
but it is recommended that the range be limited to - 3 to -10 v.D.C. 
~f possible. 
Section 8.4.3 Signal Preamplification. 
From the previous section it will be apprec~ated that the signal 
input X level should ideally be - 3 to -10 v.D.C. and that the signal 
input Z can vary :!: 10 v.D.C. but IIIUSt always be less than X. 
The signals obtained from the photomultiplier were negative and 
required ampl~fication to meet the input req~rements of the AD 530. 
To this end the instrument was provided with two additional operational 
amplifiers with switched gains of 1, 10, 30, 100 and 300 operating in 
the non-inverting mode. As shown in Fig. 92 in block form, switched 
time constants of 1, 2.2 and 4.7 secs. or any combination of these 
were provided on the inputs to minimise variation in P.M. signal. 
In the normal case it was assumed that the background signal would 
be less than the total s~gnal and the P.M. signal would be fed to the Z 
input after amplification. However, so long as Z ~ X at the divider 
input this condition could be reversed by use of the gain available 
on the P.M. detectors. 
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GaJ.n 
X or Z 
t+ 
Se:t zero 0-lOv de 
Ov 
Fig. 92. Preamplifiers. 
The ou"pu" me"er (M3) scaled 0-10 v.D.C. shows "he ou"pu" 
vol"age resul"J.ng from "he "ransfer func"ion I~Z and "hus gives a 
10 x Background 
signal propor"J.onal "o Signal + Background if "he preamplifica"ions 
employed for X and Z are equal. 
"he plasmas formed during "he comparison of "orches which WJ.ll be 
described J.n Chap"er 10. 
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CHAPTER 9. 
ORIENTATION OF THE SPECTROMETER ENTRANCE 
SLIT WITH REFERENCE TO THE SIGNAL TO BACKGROUND RATIO. 
Since •he enorance sli• of •he Polychroma•or is horizon•al i• 
was suspec•ed •ha• •his IIIJ.gh• have a denimen•al effec• on •he signal 
•o background ra•io (~ - b) ob•ained when viewing a ve~ical •ail-
- a 
flame. 
op•imum view~ pos~•ion would •end •o be sharper •han if •he plasma 
was viewed wi•h a ver•ical sli•. All •his follows qui •e na=ally 
since •he plasma is, in effec•, being •raversed by a hor~zon•al aperoure 
8.7,J. x .48 cm which, on •he one hand, would~- exo.raneous background 
radia•~on and on •he o•her would resul• in less averaging. The 
following manner. 
Sec•ion 9.1 Profiling wi•h Qpar•z Op•ical Fibres. 
A ve~ical "cribbage" board was cons•ruc•ed wi •h an array of 
11 x 37 (407) holes in•o which a 3 mm bundle of quar•z fibres could be 
The o•her end of •he fibre op•ic was placed close •o •he sli•s 
This whole arrangemen• was placed on ~e 
was projec•ed an image of •he •ail-flame, magnified 4.2 •imes. 
The profile of .ms image was ob•ained by inser•ing •he op•ical fibre 
bundle m•o each hole in = and ob•aining an in•egra•ed measure of 
•he radia•ion, firs• wi•h a wa•er aerosol injec•ed •hrough •he plasma, 
and •hen wi•h an aerosol of an elemen•. In •his way i • was possible 
• 
Tal.l-flame 
J..mage 
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Optical rail 
Fig. 93. Profiling of •he •ail-flame wi•h 
op•ical fibres. 
Sec•ion 9.1.1 Profile o:f X- b • :for •he Zinc 3072A line. b - a 
Using a 13,000 ppm solu•ion o:f zinc ni•ra•e, par•ially op•imised 
condi•ions and •he quar•z fibre arrangemen•, •he profile shown in 
Table 87 was ob•ained. 
I• can readily be seen •ha• i:f •he co-ordina•es 6, 24 are •aken 
x-b. 
as •he cen.re a be••er value of b l.S ob•ained for a ver•ical s•rip 
•han for a horizon•al one. 
- a 
x-b From Fig. 94, which is a plc• of b 
- a 
versus •he heigh• of •he magnified image of •he •ail-flame, i• can be 
x-b 
seen •ha• a ver•ical s•rl.p of 1 mm would give •he bes• b ra•io. 
- a 
This s•rip would be no• grea•er •han one hole wide which is equivalen• 
•o 0.1 mm in •he •ail-flame. 
Row. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23~ 
24. 
2.5. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
Table 87. 
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Sec"ion of "he Profile of ~ - b 
- a 
for "he Zinc 3072A line. (Inver"ed Image). 
3 4 5 6 7 8 9 10 
• 4 0.99 0.74 o. ~ 
' ~ 
1.03 1.83 1.03 0.45 0.1~ ~ 
.64 1.52 2.57 1.52 0.64 0.20 0.~ 
' 
' 1.14 2.21 4.14 2.21 1.14 0.19 
1.83 3.04 5-43 3.04 1.83 0.36 
5 0.51 2.50 3.89 6.76 3.89 2.50 0.51 
0.161 
\ 0.22, 
0.35, 
' [ \71 o. 75 3-35 5.00 8.24 5.00 3-35 0.75 
4.22 5.87 9. 76 5.8'7 4.22 0.87 
4.88 6.39 10.46 6.39 4.88 1.15 
' 0.71' 
183 0.87 
\0 1.15 
' 3 1.33 5.27 7.09 11.14 7-09 5-27 1.33 0.9 
5 1.67 5.44 7.52 11.36 7-52 5-44 1.67 o; 
I 
,06 1. 75 5 • 05 7 • 76 11. 37 7 • 76 5 • 05 1. 75 I 
)o6 1.94 4.85 8.13 11.35 8.13 4.85 1.94 ~ 
\ / .00 2.19 4.89 7.81 11.16 7.81 4.89 2.19 I / 
.20 2.27 4-84 8.23 10.92 8.23 4.84 2.27 ~ 
~ 2.69 5.06 8.58 10.61 8.58 5.06 2.69 : 
~.83 5.18 8.10 10.41 8.10 5.18 2.83 "' ~3 5-53 7-95 10.24 7-95 5.53 2.83 1\ 
\
5.41 7-97 9.85 7-97 5-41 2.67 :' 
5.29 8.36 9.58 8.12 5.29 2.58 ,/ 
\ I ~ 8.65 9·33 8.35 5.00 2.5: ~7 8.88 8.57 4-93 l/ 
~ 8.62 4-85/ 
"'-~/ 
I 
! 
' 
Top of 
plasma 
3.10 cm 
from base 
4-57 cm. 
from base 
of plasma 
..01 ctl u 
12 
10 
8 
6 
4 
2 
10 
6 holes 
> = 1 .l mm < 
vertJ.cal 
he~ght 
J.n the 
ta~l-flame 
15 20 25 30 35 
Co-ord~nate number 6th column 
x-b Plot of h-a agaJ.ns~ the verhcal he~ght of the 
magn~fied ~age of the ta~l-flame. 
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Sec-,;ion 9.2 X- b Use of -,;he Mech~cal Wedge -,;o Increase b Ra-,;~o. 
- a 
As confirma-,;ion of -,;he prev~ous experimen-,;s i-,; was decided -,;o 
progressively reduce -,;he leng-,;h of -,;he horizon-,;al sli-,; of -,;he 
Polychromaoor using -,;he mechanical wedge (Sec-,;ion 2.7). Again -,;he 
• 13,000 ppm zinc ni-,;ra-,;e was used and -,;he 3072A line. The normal lens 
was used "throwing a 4. 7 -,;imes magnified image on -,;o -,;he sli-,;. Af-,;er 
paroial op"timisa"tion -,;he op-,;imum heigh-,; of viewing was found -,;o be 
4.53 cm from -,;he base of -,;he plasma (-,;he previous experimen-,; predic-,;ed 
4.57 cm). 
Sec-,;ion 9.2.1 Effec-,; of Reducing -,;he Sli-,; Leng-,;h on -,;he Ra-,;io 
• for -,;he Zinc 3072k·line. 
X- b 
b - a 
When -,;he leng-,;h of -,;he horizon-,;al sli-,; was progress~vely reduced, 
X- b • 
ohe b _ a ra-,;io increased as is shown in Table 88 and Fig. 95. 
Table 88. X- b Increase of -,;he b Ra-,;~o 
- a 
Wi-,;h Decreasing Sli-,; Len~h. 
Sli-,; Leng:;h mm. 
20.0 
17.5 
15.0 
12.5 
10.0 
2.0 
1.0 
X- b 
b - a 
7.4 
7.9 
8.1 
10.5 
12.4 
13.9 
14.1 
14.5 
14.7 
14.2 
I 
fl1 H H 
16 
12 
10 
8 
6 
4 
2 
5 10 15 
Length of sll.t 
F1g. 95. Plot of~ aga1nst sl1t length. 
x-a 
20 mm 
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Io can be seen from Fig. 95 ohao a slio len~h of under 3.25 mm, 
co=esponding oO 0.69 mm in me plasma, would give ohe higheso average 
X- b 
raoio for b 
-a 
Secoion 9.3 Rooaoion of ohe Tail-flame Image. 
The previous experimenos have shown ohao a beooer value of ohe 
raoio of x - b should be oboained by viewing ohe oail-fla.me of ohe b- a 
plasma wioh a ve~ical slio. An aloernaoive would be oo rooaoe ohe 
J.ID.age of ohe oail-fla.me ohrough 90•, wi oh a Dove prism, and view wi oh 
a horizonoal slio. In ohe case of ohe Polychromaoor o~s was ohe 
only pracoicable ohing oo do and a glass Dove prism was oboained. 
Secoion 9.3.1 Resulos Oboained wioh ohe Dove Prism for a 
Number of Visible Lines. 
In Chapoer 10 ohere will be reporoed ohe resulos of opoimisaoion 
experimenos carried ouo w~oh ohe equipmeno described in Secoion 8.4. 
However, moso of ohe visible lines examined and described in Chapoer 10 
were of veroical and horizonoal images of ohe oail-flame viewed wioh a 
horizonoal slio and io seems convenieno oO liso some of ohese here as 
a demonsorao~on of ohe effecoiveness of using, in effeco, a veroical 
slio for plasma specoroscopy. The resulos oboained are given in 
Table 89. Plasma operaoing condioions are noo given as ohey have 
no relevance here. 
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Table 82. The Effeco of Sli• Orien•a•~on 
X- b Use of Dove Prism. on •he Raoio b • 
- a 
Cone. Line Type of 
• Elemen•. p.p.m. A Plasma. Veroical Image. Horizonoal Image. 
Cs 1000 4555 S/Ar/Ar 53.0 :t 2 380 :t 34 
Cs 1000 4555 G/Ar/Ar 16.7 :t 0.5 47.7:t 1.7 
Cs 1000 4555 G/Ar/Ar 170 :t 11 842 :t 360 
Ba 1 4554 S/Ar/Ar 59.1 :t 0.5 110 :t 1 
Ba 1 4554 G/Ar/Ar 97 :t 1.5 209 :t 6 
Ba 1 4554 G/Ar/Ar 418 :t 11 716 :t 38 
Al 1000 3961 S/Ar/Ar 16,842 :t 400 35,151 :t 1389 
Na 1 5896 S/Ar/Ar 142 :t 15 221 :t 25 
Na 1000 5896 S/Ar/Ar 21, 751 :t 2400 27,245 :t 3000 
Na 1 5896 G/Ar/Ar 70 :t 5 67 :t 3 
Na 1 5896 G/Ar/N2 350 :t 55 480 :t 92 
Na 1 5896 S/Ar/Ar 174 :t 38 205 :t 12 
I• can be seen from Table 89 ohao ohere is in mos• cases a 
significan• improvemen• ~ ohe raoio of ~ - b when •he oail-flame is 
-a 
viewed lon~ioudinally. Sodium is an excepoion in ohao •he difference 
is probably no• significano. However, io will be shown laoer oha• •he 
prism used absorbs a proporoion of 5896A radiaoion. 
- 248-
CRAPI'ER 10. 
A COMPARISON OF PLASMAS VARIOUSLY PRODUCED. 
Having arrived at what appeared to be a suitable system for 
optimisation and the equipment to achieve it (Chapter 8) the stage 
seemed set to make the comparison of high and low power systems which 
is the prime obJect of this research proJect. Since the usual torch 
used in low power systems is that of Scott, (Fig. 21, Ref.-49) one was 
procured. It had an addJ.tional plasma gas entry in order to check the 
optimum plasma gas flow, although it J.S claimed tllat the torch operates 
effectJ.vely WJ.th only one gas flow apart from the aerosol. It was 
decJ.ded to operate this on argon only, since this is the normal way of 
running the torch, (subsequent work showed that- it could be run with 
. 
a nitrogen coolant, but with nitrogen it was very temperamental and 
demanded a skilled operator to function at all). The other torch used 
was that of Greenfield (Fig. 25, Ref. 2., and Figs. 27, 28) which had 
been used for the work to date. This torch is normally used at high 
power with a nJ.trogen coolant but could be operated at low power (and 
high power) with either argon or nitrogen as coolant. In the work 
that follows both coolants were used. 
Since the Scott torch was reputed49 to require a low aerosol flow 
with a high liquid uptake the normal Unicam nebuliser (Section 2.4) 
was replaced with a Meinhard T-230-A3 nebuliser which is a concentric 
type uptaking 3.5 ml/min. at an argon flow of 1 litre/min. at 
30 lbs/sq.in. 
It was, however, operated at 150 lbs/sq.in. in order that higher 
gas flows could be obtained for the Greenfield torch. The nebuliser 
is illustrated J.n Fig. 96. 
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Fig. 96. Me~d Nebuliser. 
Since the Scott torch is normally used with the Scott spray 
chamber (Fig. 21, Ref. 49) and the Greenfield torch is used with the 
cyclone spray chamber, shown in Fig. 97, tests were carried out to 
7 50 ml ConJ.cal 
flask 
Fig. 97. 
Aerosol to plasma 
Cyclone Spray Chamber. 
see which, if either, was more effective. The author was pleasantly 
surprised to find the cyclone chamber, if anything, gave a higher ~ = ~ 
ratio, notwithstanding the fact that the Scott chamber was mounted in 
the usual manner directly under the torch and the cyclone chamber was 
connected to the torch by 35 cm of 1.2 cm bore plastJ.c tubJ.ng. Typical 
figures obtained are shown in Table 90. 
• 
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Table 90. A Comparison of "he ~ - b Ra"ios Achieved wi"h 
- a 
Differen" Spray Chambers. Na 5896A line. 
Op"~sed Opera"ing Condi"ions. 
Sco"" Torch Moun"ed 
Direc"lY "o Sco"" Spray Chamber. 
Sco"" Torch Joined by 35 cm of 1.2 cm (I.D.) 
Plas"ic Tubing "o Sco"" Spray Chamber. 
Sco"" Torch Joined by 35 cm of 1.2 cm (I.D.) 
Plas"ic Tubing "o Cyclone Spray Chamber. 
1 ppm NaCl 
X- b 
b- a 
lOO :t 12 
130 :t 18 
205 :t. 12 
Since "he exoernally connec"ed cyclone chamber is more conve~en" 
"o use, and no discernable delay was experienced during sample changing, 
i" was decided "o use "he Meinhard nebuliser wi"h "he cyclone spray 
chamber "hroughou" "he experimen"s. 
The Dove prism was used for all "he visible lines since ~" served 
"he dual purpose of ro"a"ing "he image and fil"ering ou" "he second 
order u. V. background "hus enhancing "he ~ - b ra"io. I" was known 
- a 
"ha" i" also a""enua"ed some of "he higher wavele~h signals bu" 
"he overall effec" was s"ill "o ~prove "he ~ - b ra"io and i" was 
-a 
judged permissible "o use i" since i" was common "o all comparisons. 
Op"imisa"ion Using "he Signal D~vider. 
Time would only permi" a limi"ed number of elemen"s being 
inves"iga"ed and "hese were chosen so as "o cover a wide range of 
Table 91 is "hough" "o 
represen" a reasonable choice. I" was no" possible "o exaiiUlle ,shorter 
wavelen~hs on "he Polychroma"or. 
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Table 91. Physical Data of 
Elements Examined. 
Transition Norm. 
Wavelength Pro b. Ex.Pot • Ion Pot. Cone. Temp. * 
• 1Cf3 /sec. OK Element. State. A e.v. e.v. 
.EE!!!:. 
Na u, 5896 1.8 2.10 5.14 1000 3,700 
Na u, 5896 1.8 2.10 5.14 1 2,700 
cs u3 4555 1.4 2.70 3.90 1000 2, 600' 
Ba v, 4554 0.9 2.71 5.20 1 11,000 
Al u, 3961 1.3 3.10 6.00 1 3,100 
Al u, 3961 1.3 3.10 6.00 1000 4,400 
V v, 3093 4.3 4.38 6.74 1000 14,000 
Zn u 3076 .013 4.01 9.40 1000 10,100 
Zn u 3072 2.0 8.01 9·40 1000 ,13,000 
Al Vz 2816 1.2 11.71 5.99 1000 18,500 
* corrected for partial pressure, using an 
La-house computer program. 
Section 10.1.1 Sod~um Results w~th the Scott Torch. 
The optimisat~on cycles, conditions and ~ - b ratios for sodium 
- a 
are shown in Table 92. In this and all subsequent examples the final 
J 
signals are obtained by integration; the intermediate values are 
analogue signals from the signal divider meter readings scaled 'to the 
final ~ntegration value. x represents the gross signal, b the gross 
background and a the dark current, as before. 
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Table 92. Signal DiV1der 
1 p.p.m. Sodium as "he Chloride 5896.~. line. 
Sco"" Torch. S.C.l5 Genera"or. 
Number of Cycle. 
Power kW 
Plasma Gas Flow L/min. 
Nebuliser Gas Flow L/min. 
Coolan" Gas Flow L/min. 
Viewing Heigh" above Base cm. 
Len~h of Plasma cm. 
X 
b 
a 
X- b 
b- a 
* Gain 10. 
1 2 3 
1.08 0.56 0.63 
o.o 1.6 2.1 
1.0 2.2 2.7 
15.0 19 20.0 
2.8 4 4.2 
n.d. n.d. 3.0 
965 1007 1256.5 (mean of 2) * 
422 17 17.7 (er= 2. 3. 10 de".) * 
9 9 9.0 (er= 1.3. 10 de"·)* 
1.3 124 142 z 15 
10 sec. exposure. 
Cycle number "hree condi"ions were used as "he s"ar"ing poin" 
for 1000 ppm wi"h "he image veroical and hor~zon"al. No change in 
op"imum condi"ions was found, so "ha" "he condi"ions of cycle "hree 
were op"imum for all cases inves"iga"ed. The resul "s are shown in 
Table 93. 
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Table 93. Opumised Values of x, b and a 
1 ppm and 1000 ppm. Sodium 5896A line Radia,ion. 
1 ppm Na 1 ppm Na 1000 ppm Na 1000 ppm 
Ver,ical Horizon'al Ver,~cal Horizon'al 
Tmafre. Ima,o:e. Ima,o:e. Ima,o:e. 
X 1256.5 * 1566 * 228,400 ** 258,840 ** 
b 17.7 16 17.0 16.0 
a 9.0 9 6.5 6.5 
x-b 142 221 21,751 27,245 b- a 
cr ± 15 :!: 51 :!: 2,400 :!: 3,000 
* Gain 10. 10 sec.exp. ** G ' 4 ~n • 100 sec. exp. 
any fil,er or prism. 
Tables 94 'o 97. 
'orches 'here is no significan' ~fference be~een 'he ver,ical and 
horizon'al images, bu' ~f 'hese resul's are compared wi'h 'he resul's 
from 'he ver,ical unfil,ered image one can deduce that most of the 
background is second order ul~a-viole' which 'he glass has fil,ered ou,. 
Unfor~a,ely 'he glass prism also absorbs a significan' propor,~on of 
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Table 94. Opo~saoion Cycles. Signal Divider. 
1 ppm Sod~um as ohe Chlor~de. 589GA line. 
Vero~cal Image. Greenfield Torch. Argon Coolano. 
se 15 Generaoor. 
Number of Cycle. 1 2 3 
Power kW. l.23t l.52t l.5lt 
Plasma Gas Flow L/min. 1.5 1.3 0.5 
Nebuliser Gas Flow Ljmin. 3·4 3.4 3.3 
Coolan1: Gas Flow LJ~. 24.0 20.0 20.0 
Viewing Heigho above Base cm. 4.1 5.5 5.7 
Le~h of Plasma cm. n.d. n.d. 3.6 
X 370 778 778 (mean of 2)* 
b 24.9 21.5 20.4 ( 0" = 1.8. 10 deo. )* 
a 9.6 9.6 9.6 ( 0" = 1.0. 10 deo. )* 
x-b 23 64 70 ;l: 5 b-a 
t The power was me lowes1: ob1:ainable ohroughou1: and oherefore 
in a formal sense ohis is no1: a orue op1:im.isa1:ion. This minimum 
power is sorongly dependen1: on ohe gas flows. 
* 
* 
t 
Gain 10. 10 sec. exp. 
X 
b 
a 
x-b 
b- a 
0" 
Gain 10. 
Table 94. 
Table 95. Opoimised Valuestof x. band a 
for Ver1:ical and Horizonoal Images of 1 ppm 
Sodium 589GA line Radiaoion. 
Ver1:ical Horizon1:al Wiohou1: 
Image. Imap:e. Filoer. 
778* 852* 105'f 
20.4 22.0 109 
9.6 9.6 9.6 
70 67 9.5 
± 5 ± 3 :!: 0.5 
10 sec. exp. 
Cycle 3. 
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Table 96. Opoimisa•ion Cycles. Signal DJ.vider • 
1 ppm SodJ.um as ohe Chloride. • 5896A hne. 
Veroical Image. Greenfield Torch. Niorogen Coolano. 
SC 15 Genera•or. 
Number of Cycle. 1 2 3 
Power kW 0.91 o.82t o.81t 
Plasma Gas Flow L/min. 6.5 5.2 5.2 
Nebuliser Gas Flow L/min. 3-5 3-5 3-4 
Coolano Gas Flow L/min. 7.0 7.0 7.0 
Viewing Heigho above Base cm. 4.0 4-0 4.0 
Lengoh of Plasma cm. n.d. n.d. 1.2 
X 1462 1220 1342 (mean of 2)* 
b 13.3 12.4 12.3 (0" =1.06. 10 de•. )* 
a 8.5 8.5 8.5 (cr = 1.6. 10 deo. )* 
X- b 300 310 350 ± 55 b- a 
t The power was ohe loweso oboainable ohroughouo and oherefore 
in a formal sense ohis is noo a orue opoimisa•ion. 
* Gain 10. 
X 
b 
a 
X- b 
b- a 
cr 
10 sec. exp. 
Table 97. Opoimised Valuest of x, b and a for 
Ver•ical and Horizon•al Images of 1 ppm 
Sodium 589GA line Radiaoion. 
Ver•ical Horizon•al Wi•houo 
Image. Image· Fil •er. 
1342 1598 1839 
12.3 11.8 46.1 
8.5 8.5 8.5 
350 480 48 
55 92 1.5 
t Table 96. Cycle 3. 
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Secoion 10.1.3 Sod~um Resulos wioh ohe Sec•• Torch and a 
New Meinhard Nebuliser. 
for ohe Scooo oorch were differeno from ohose soaoed in many papers,e.g.Re~4 
paroicularly •he nebuliser gas flow. 
ohe ume of ohe oorch comparison ohe paroicular Meinhard nebuliser 
in use had abraded oO such an exoeno ohao h was passing l. 7 L/min 
of gas ao 30 lbs/sq.m. wi•h a liquid upoa.k:e of only 1.2 ml/min. This 
flow-raoe. Accordingly a new Meinhard nebul~se~, properly standardised and 
ceroificaoed, was oboained and a new opo~sa•ion was done on ohe Sco•• 
•arch. The resul os obtained are shown in Tables 98 and 99. 
Table 98. Signal Divider. 
1 ppm Sodium as •he Chloride. 5896A line. 
Horizonoal Image. Sec•• Torch. New Meinhard 
Nebuliser. Argon Coolano, 
Number of Cycle, 1 2 3 4 5 6 7 
Power kW 1.08 0.79 0.84 0.89 0.95 1.0 1.0 
Plasma Gas Flow 
L/min. 0.0 2.0 2.0 1.4 1.1 0.9 0.2 
Nebuliser Gas 
Flow L/min. 1.0 1.0 1.8 2.1 2.2 2.4 2.2 
Coolano Gas 
Flow t/min. 15.0 16.0 20.0 21.5 21.5 23.0 22.0 
Viewing Heigho 
above Base cm, 
Lengoh of 
Plasma cm. 
X 
b 
a 
X- b 
b- a 
5.0 5.0 5.4 5.5 
n.d. n.d. n.d. n.d. n.d. 
531 175 819 887 1065 
138 17.3 17.3 15.8 15.9 
9.6 9.6 9.6 9.6 9.6 
5.7 5.6 
n.d, 3·4 
1326 1614 (a=ll. 10 deo.) 
17.3 17.4 (a=0.43· 10 deo, 
9.6 9.6 ca=0.16. 10 deo. 
3i=0.2 2ot4 104±25 140l:40 166±40 17ol<IO 205Zl2 
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Table 99. On-cimised Values of x, b and a 
for Ver-cical and Horizon-ea! Images of 
• 1 ppm Sodium 5896A line Radia-cion. 
New and Old Meinhard Nebulisers 
New Nebuliser. Old Nebul~ser. 
Ver-cical Horizon-ea! Ver-cical Horizon-ea! 
Imap;e. Ima.<t"e. Im§B:e. Imap;e. 
X 1129 1614.0 1256.5 1566 
b 16 17.4 17.7 16 
a 9.6 9.6 9.0 9.0 
X 
- b 174 205 142 221 b -a 
a 38 12 15 51 
In all probabili-cy -chere are no significan-c differences be-cween 
X- b 
-che values of b for -che las-c four cycles of Table 98 and -che 
-a 
second column of Table 93. (There are, however, differences be-cween 
-che ne-e signals of -che las-c four cycles of Table 98). The 
nebuliser gas flow is inclined -eo be lower wi-ch -che new nebuliser bu-c was 
s-cill higher -chan repor-ced in -che li-cera"Cure. 
Sec-cion 10.1.4 Sodium Resul-cs wi-ch -che Greenfield Torch and a 
New Me~nhard Nebuliser. 
A new op-cimisa-cion, s-car-c~g wi-ch -che condi-cions of cycle number 3, 
Table 94, was -chen carried ou-c using -che new nebuliser on -che Greenfield 
-corch wi -eh argon as -che coolan-c. The resul-cs are shown in Table 100. 
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Table 100. Opoimisa•ion Cycles. Slgnal Divider. 
1 ppm Sodium as ohe Chloride. 5896A line. 
Horizonoal Im!:l£;e. Greenfield Torch. New Meinhard 
Nebuliser. .Axgon Coolano. S.C.l5 Genera•or. 
Number of Cycle. 1 2 3 4 
Power kW 1.44t 1. 39't l.39t l.39t 
Plasma Gas 
Flow L/min. 0.25 o.oo 0.00 0.50 
Nebuliser Gas 
Flow L/min. 3.2 3.2 2.3 2.2 
Coolano Gas 
Flow L/min. 26.0 24 24 24 
Viewing Heigho 
above Base cm. 7.7 5.7 5.3 5.1 
Length of 
Plasma cm. n.d. n.d. n.d. 4.1 
X 94 224 378 499.6 (0" = 2.8. 
b 16 19 22 22.0 (0" = 1.0. 
a 12.5 12.5 12.5 12.5 (0" = 0.5. 
X - b 22 32 37 5ot6 b- a 
t The power was ohe loweso oboainable ohroughou• 
and oherefore in a formal sense ohis is no• a 
orue opoimisaoion. 
* Gain 10. 10 sec. exp. 
10 deo. )* 
10 de•. )* 
10 deo. )* 
Again ohere are probably no significan• dlfferences beoween ohe 
r-b 
values of b for ohe laso ohree cycles of opoimisaoion in Table lOO 
-a 
and ohe laso owo cycles in Table 94. There are, however, some differences 
beoween •he neo signals (x - b) shown in ohe second column of Table 95 
and ohe laso ohree cycles shown in Table 100. The new nebuliser migho 
appear oO give less sensioivioy ohan ohe old buo ohe higher dark 
curreno could mean a falling off in performance of ohe P.M. oube. 
Io mus• be emphasised ohao in neioher case are ohe condioions oruly 
optimised. 
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The opoimisaoion was ohen repeaoed using niorogen as ohe coolano 
wi•h ohe con~oions of cycle number 3, Table 96 as ohe s•ar•~ 
condioion. The experimeno had oo be abandoned afoer ohe firs• cycle 
as ohe indicaoed reducoion in plasma gas flow repeaoedly ex•inguished 
ohe plasma. The resulos oboained for ohe firs• cycle are shown in 
Table 101. 
Table 101. Opo~sa•~on Cycles. Signal Divider. 
1 ppm Sodium as •he Chloride. 5896A line. 
Horizonoal Image. Greenfield Torch. New Meinha.rd 
Nebuliser. 
Number of Cycle. 
Power kW. 
Plasma Gas 
Flow J,fmin. 
Nebuliser Gas 
Flow L/min. 
Coolano Gas 
Flow L/min. 
Viewing Heigho 
above Base cm. 
Lengoh of 
Plasma cm. 
X 
b 
a 
X- b 
b- a 
Niorogen Coolano. 
1 2 
0.8 
7.0 
2.2 
7.0 
3.8 
0.6 
538 
17.7 
12.3 
96 
S.C.l5 Genera•or. 
Experimen•s abandoned as ohe 
indicaoed reducoion in plasma 
gas flow would no• pe= • ohe 
running of ohe oorch. 
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Sec"ion 10.1.5 Summary of "he Resul"s Ob"ained on Bo"h Torches 
and Nebulisers for "he Sodium 5896A line. 
The experimen"al resul"s for sodium of Sec"J.on 10 are summarised 
in Table 102 for "he ~o nebulisers now designa"ed No. 1 (old) and 
No. 2 (new). 
Table 102. QJ2"imised 0Eera"ing Condi"ions and 
Values of x, b and a. 1 EEm Sodium as "he 
Chloride. 5896A line. Horizon"al Image. 
Nebuliser No. 1. Nebuliser No. 
Torch 
Coolan" 
Power kW 
Plasma Gas 
Flow i,fmin. 
Nebuliser Gas 
Flow .t/min. 
Coolan-c Gas 
Flow .t/mino 
Viewing Heigh-c 
above Base cm. 
Len~h of 
Plasma cm. 
X 
b 
a 
X- b' 
b- a 
Greenfield 
5.2 
).4 
1.2 
1598 
11.8 
8.5 
48o:t:92 
Sco"" 
Ax 
0.62 
2.1 
20.0 
4.2 
).0 
1566 
16 
9 
22l:t51 
Greenfield 
0.5 
).) 
20.0 
5.7 
3.6 
852 
22 
67:t3 
Greenfield 
o.8o 
2.2 
0.6 
538 
17.7 
12.) 
Sco-c-c 
1.00 
0.2 
2.2 
22.0 
5.6 
3.4 
1614 
17.4 
9.6 
20s:tl2 
2. 
Greenfiel 
0.5 
2.2 
5.1 
4.1 
499.6 
22 
12.5 
5o:t6 
t The power was -che lowes-c power ob-cainable wi -eh -che J.ndica"ed 
gas flows and -cherefore, in a formal sense, -chis 
is no-c a -crue op-cimJ.sa"ion. 
tt The plasma gas flow was "he lowes-c possJ.ble and 
-cherefore, J.n a formal sense, "his is no-c a 
-crue op-cimisa-cion. 
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Secoion 10.1.6 Caesium Resulos wioh ohe Scooo Torch and 
Nebuliser No. 1. 
The nexo elemeno oo oe invesoigaoed was caesium. Io was firs• 
~vesoigaoed using nebuliser No. 1. Table 103 gives ohe resulos 
obo~ed on ohe Scooo oorch. 
Table 103. Opoimisao~on Cycles. Signal Divider 
1000 ppm Caesium as ohe Nioraoe. 4555A line. 
Veroical Image. Scooo Torch. Nebuliser No. 1. 
S.C.l5 Generaoor. 
Number of Cycle. 1 2 3 4 
Power kW. 1.08 0.66 0.58 0.57 
Plasma Gas 
Flow L/min. o.o 1.0 1.4 1.9 
Nebuliser Gas 
Flow L/min. 3.2 2.5 2.5 2.6 
Coolano Gas 
Flow L/min. 15.0 16.0 19.0 20.0 
Viewing Heigln 
above Base cm. 2.8 3.4 3.6 3.8 
Lengoh of 
Plasma cm. n.d. n.d. n.d. 2.4 
X 1194 1072 1108 1132 (mean of 2)* 
b 500 44 32 28.1 ccr = 0.5. 
a 7.3 7.3 7.3 7.3 ccr = 0.3. 
X- b 1.4:t0.1 2s:t7 43ZlO 53Z2 b- a 
* Gain 11. 10 sec. e:x:p. 
10 deo. )* 
3 deo. )* 
The laso seo of condioions was used as ohe soaro of an opoimisaoion 
wioh ohe image rooaoed. No shifos were found and booh resulos are 
shown in Table 104. 
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Table 104. QEoimised Valuest of x 1 b and a for 
Veroical and Horizonoal Im~es of 1 E·E·m· 
0 
Caesium 4555A line Radiaoion. 
Veroical Horizonoal 
Image. Image. 
X 1132 1532 
b 28.1 11 
a 7.3 7 
X- b 53 380 b- a 
a 2 34 
t Table 103. Cycle No. 4. 
Secoion 10.1.7 Caesium Resulos wioh ohe Greenfield Torch and 
Nebuliser No. 1. 
' The experimenos of Secoion 10.1.4 were ohen repeaoed wioh ohe 
Greenfield oorch running firso wioh an argon and ohen wioh a niorogen 
coolano. The resulos oboained are shown in Tables 105 oo 108. 
Table 105. QEoimisaoion Cycles. Signal Divider 
1000 p.p.m. Caes~um as ohe Nioraoe 4555A line. 
Veroical Image. Greenfield Torch Nebuliser No. 1. 
Argon Coolano. S.C.l5 Generaoor. 
Number of Cycle 
Power kW 
Plasma Gas 
Flow .t/min. 
Nebuliser Gas 
Flow .t/min. 
Coolano Gas 
Flow .t/min. 
Viewing Heigho 
above base cm. 
Lengt;h of 
Plasma cm. 
X 
b 
a 
X- b 
b- a 
1 
1.42 
6.5 
3.1 
19.0 
6.5 
n.d. 
143 
38.4 
7.0 
3.3:t0.4 
2 
1.5 
3.3 
19.0 
6.1 
n.d. 
242 
38.4 
7.0 
3 
1.51" 
5.3 
21.0 
n.d. 
239 
27.3 
7.0 
4 
1.51" 
2.2 
3.5 
21.0 
n.d. 
301 
27.3 
7.0 
1.5 
21.0 
3·7 
301 (mean of 2)* 
23.6 ca=0.37· 10 deo.) 
1.0 (a=0.3. 4 deoJ 
16. r-=o.s 
t Minimum power oboainable wioh ohese gas flows. 
Therefore, soricoly noo a orue opoimisaoion. 
* Gain 11. 10 sec.exp. 
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The final readings oboained w~oh ohe unrooaoed ~ were used 
Surprisingly a new and 
genuine (i.e. power was noo ohe leaso oboainable) opoimisaoion was found 
as is shown in Table 106. Io muso be said ohao, alohough ohe operaoing 
condioions are definioely differeno, ohere is no significano differences 
beoween ohe raoio of ~ - b which are oboained for each cycle. 
-a 
However, 
ohere is a difference beoween ohe values of x and beoween ohe values of 
X- b 
b - a 
for ohe owo images. 
Table 106. Opoimisaoion Cycles. Signal Divider 
1000 p.p.m. Caesium as ohe Nioraoe 4555A line. 
Horizonoal Image. Greenfield Torch. Nebuliser No.l. 
Argon Coolano. S.C.l5 Generaoor. 
Number of Cycle. l 2 3 
Power kW 1St- 1.57 1.57 
Plasma Gas 
Flow 1/min. 1.5 0.1 0.1 
Nebuliser Gas 
Flow i./min. >3.6 3.5 3.4 
Coolano Gas Flow 
1-/min. 21.0 17.0 17.0 
Viewing Heigho 
above base cm. 6.3 5.7 5.5 
Lengoh of 
Plasma cm. n.d. n.d. 3.9 
X 307.5 605 703 (cr =8. 4 deo. )* 
b 14.5 19.6 21.3 (cr=0.42. 3 deo.)* 
a 7.0 7.0 7.0 (C1=0.3. 4 deo. )* 
x-b 39.1±4 46. 71=4 47.7±1.7 b- a 
... Gain 11. 10 sec. exp. t MizLUrrum vower. 
and horizonoal images when using ohe niorogen cooled oorch. These are 
shown in Tables 107 and 108. 
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Table 107. Opo~~saoion Cycles. Signal D~v~der. 
1000 p.p.m. Caesium as ohe Nioraoe 4555A l~ne. 
Vero~cal Image. Greenf~eld Torch. No.l Nebuliser. 
Niorogen Coolano. S.C.l5 Generaoor. 
Number of Cycle. l 2 3 4 5 
Power kW 1.69 o.9t o.8lt 0. 79t o. 791" 
Plasma Gas 
Flow .t/min. 8.4 6.5 4·7 4.7 4·7 
Nebuliser Gas 
Flow .t/min. 3.2 3.2 3.1 3.2 3.2 
Coolano Gas 
Flow .I./min. 7.0 17.0 18.0 18.5 18.5 
Viewing Heigho 
above base cm. 4.3 5.3 4.7 4.7 4·7 
Lengoh of 
Plasma cm. n.d. n.d. n.d. n.d. 0.7 
X 465 326 645 609 657.5 (mean of 2)* 
b 
a 
x-b 
b- a 
63 13 11.7 10.5 10.9 (a = 0.23. 
7-l 7.1 7.1 7-l 7.1 ea = 0.09. 
1 .2.'i=o. 1 53±9 l38:t27 176'!=44 l7o:t11 
t Minimum Power oboainable. 
* Gain 11. 10 sec. exp. 
Table 108. Opoimised Valuest of x, b and a for 
Veroical and Horizonoal Images of l p.p.m. 
Caesium 4555A line Radiaoion. 
X 
b 
a 
X- b 
b- a 
a 
* 
Veroical Horizonoal 
Image. Image. 
657.5 766 
10.9 8 
7.1 7.1 
170 842 
11 36Cf 
High value due oo small value of b - a 
and raoher inadequaoe soaoisoics. 
t Table 107. Cycle No.5. 
10 deo. )* 
10 deo. )* 
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Sec"ion 10.1.8 Caesium Resul"s w~"h "he Sco"" Torch and 
Nebuliser No. 2. 
The experimen"s of Sec"ion 10.1.6 were repea"ed using No.2 
nebuliser and "he resul"s are shown in Table 109. 
Table 109. Op"imisa"ion Cycles. Signal Divider. 
4555A hne. 
Horizon"al !mage. Sco"" Torch. Nebul~ser No. 2. 
S.C.l5 Genera"or. 
Number of Cycle. 
Power kW 
Plasma Gas 
Flow L/min. 
Nebuliser Gas 
Flow L/min. 
Coolan" Gas 
Flow L/min. 
Viewing Heigh" 
above Base cm. 
Len~h of 
Plasma cm. 
X 
b 
a 
X- b 
b- a 
* 
1 2 
0.55 0.66 
1.90 0.0 
2.60 1.7 
20.0 20.0 
3.5 3.7 
n.d. 2.7 
337 998 (0 = 19.6. 5 de".)* 
11.4 14.9 (0 = 0.3. 10 de".)* 
7.3 7·3 (0 = 0.15. 10 de"·)* 
79 12~6 
Gain 11. 10 sec. exp. 
Nebuliser No. 2. 
nebuliser and "he resul"s are shown ~n Tables 110 and 111. 
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Table 110. Op"imisaoion Cycles. Signal Divider. 
1000 p.p.m. Caesium as "he Ni"ra"e. 4555A l~ne. 
Hor~zon"al Image. Greenfield Torch. Nebuliser No.2. 
Argon Coolan". S.C.l5 Generaoor. 
Number of Cycle. 1 2 
Power kW. 1.58 1.42t 
Plasma Gas Flow L/min. 0.10 o.o 
Nebuliser Gas Flow L/min. 3-40 2.7 
Coolan" Gas Flow L/min. 22.00 22.00 
Viewing Heig!n 
above Base cm. 6.2 6.2 
Le~h of Plasma cm. n.d. 4.1 
X 583 698 (a = 2.5. 2 de•.)* 
b 17 17.1 (a = 0.2. 10 deo. )* 
a 9.9 9.9 (a = 0.1. 10 deo. )* 
X b 
79 9s:t3 b- a 
t Minimum power oboainable. 
* Gain 11. 10 sec. exp. 
Table 111. Opoimisa•ion Cycles. Signal Divider. 
0 1000 p.p.m. Caesium as ohe Ni•raoe. 4555A line. 
Horizon"al Image. Greenfield Torch. Nebuliser No.2. 
Ni~ogen Coolan". S.C.l5 Generaoor. 
Number of Cycle. 1 2 3 
Power kW. 1.26 1.09 0.9lt 
Plasma Gas Flow L/min. 6.0 5.00 4.sot 
Nebuliser Gas Flow L/min. 3.2 2.8 2.8ott 
Coolano Gas Flow L/min. 10.0 8.0 8.0 
Viewing Heigho 
above Base cm. 4-4 4·4 4·4 
Le~h of Plasma cm. n.d. n.d. 0.8 
X 721 853 974 (a = 10. 
b 17 15 12. 7(a = 0.2. 
a 9.9 9.9 9.9 (a = 0.1. 
X- b 
99 164 34~27 b - a 
t 
tt 
Lowes" value which would pe= o running 
for more ohan one minuoe. 
* 
Higheso value pracoicable. A higher 
value was indicaoed. 
Gain 11. 10 sec. e 
2 deo. )* 
10 de"·)* 
10 deo. )* 
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Secoion 10.1.10 Summary of ohe Resulos Oboained on Booh Torches 
and Nebulisem for ohe Caesium 4555A LJ.ne. 
The experimenoal resulos for caesium of Secoion 10 are summarised 
in Table 112. 
Table 112. Opoimised Operaoing Condioions and 
Values of x, band a.- 1000 p.p.m. Caesium as 
ohe Nioraoe. 4555A Line. Horizomal Image. 
Nebuliser No. 1. Nebuliser No. 2. 
Torch. Greenfield Scooo Greenfield Greenfield Scooo Greenfield 
Coolano N2 Ax Ax N2 Ax Ax 
Power kW o. 7':fr 0.57 1.57 0.9lt 0.66 1.4zt 
Plasma Gas 
Flow .t/min. 4·7 1.9 0.1 4.st o.o 0.0 
Nebuliser Gas 
Flow .t/min. 3.2 2.6 3·4 2.att 1.7 2.7 
Coolano Gas 
Flow .t/min. 18.5 20.0 17.0 8.0 20.0 22.0 
Viewing Heigho 
above Base cm. 4·7 3.8 5.5 4.4 3.7 6.2 
Length of 
Plasma cm. 0.7 2.4 3.9 0.8 2.7 4.1 
X 766 1532 703 974 998 698 
b 8 11 21.3 12.7 14.9 17.1 
a 7.1 7.0 7.0 9.9 7·3 9·9 
X- b 842Z360 38oZ34 47. FL 7 343Z27 12~6 9SZ3 
b- a (17~11)* (5~2)* (16. r-o.5)* 
t Loweso value pracoicable. 
tt Higheso value pracoicable. 
* Veroical image values - given because of ohe 
poor soaoisoics on ohe horJ.zonoal image resulos. 
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Section 10.1.11 Barium Results with the Scott Torch and Nebuliser No.l. 
Barium was the next element to be investigated using the two torches 
and nebul~sers. The results obtained with the Scott torch are shown ~n 
Tables 113-114. 
Table 113. Optimisation Cycles. Signal Divider 
1 p.p.m. Barium as the Nitrate. 455{! line. 
Vertical Image. Scott Torch. Nebuliser No. 1. 
Argon Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 3 
Power kW. 1.06 0.78 o.8o 
Plasma Gas Flow t/min. o.o 1.3 1.3 
Nebuliser Gas Flow t/~. 1.0 1.7 1.7 
Coolant Gas Flow tjmin. 15.0 19.0 22.0 
Viewmg Height 
above Base cm. 2.8 3.4 3.2 
Length of Plasma cm. n.d. n.d. 3.2 
X 18413 16846 21940 (mean of 2)* 
b 5022 558 372 (cr = 2.9. 10 det.)"" 
a 7 7 7 (cr = 0.3. 10 det. )* 
X- b 2.6±0.3 2~7 59.1:!:0.5 b- a 
* Gain 11. 10 sec. exp. 
The last set of conditions was used as the start of an opt~sation 
with the image horizontal. No shifts were found the co=esponding ratio 
was 110 as shown in Table 114. 
X 
b 
a 
X- b 
b- a 
(] 
Table 114. Optimised Valuest of x, b and a for 
Vertical and Horizontal Images of 1 p.p.m. Barium 
455{! line Radiation. 
1 p.p.m. Ba 
Vertical Ima.ge. 
21940 
372 
7 
59.1 
:to. 5 
t Table 113, Cycle 3. 
1 n.p.m. Ba 
Horizontal Image. 
30994 
289 
7 
110 
:!:1 
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Sect~on 10.1.12 Barium Results with the Greenf~eld Torch and 
Nebuliser No. 1. 
The results obtained us=g the Greenfield torch are shown in 
Tables 115-118. 
Table 115. Optimisation Cycles. Signal Divider. 
1 p.p.m. Barium as the Nitrate. 455AA line. 
Vertical Image. 
Argon Coolant. 
Number of Cycle. 
Power kW. 
Plasma Gas Flow L/min. 
Nebuliser Gas Flow L/min. 
Coolant Gas Flow L/min. 
Viewing Height 
above Base cm. 
Length of Plasma cm. 
Greenfield Torch. 
S.C.l5 Generator. 
1 2 3 
1.5at 1.471" 1.49t 
5.8 0.0 0.0 
2.9 2.3 2.5 
22.0 16.5 15.0 
6.8 4.8 4.8 
n.d. n.d. n.d. 
Nebuliser No.l. 
4 
1.48t 
0.2 
2.5 
15.0 
4.8 
3.8 
X 1406 6821 7064 6821 (mean of 2)* 
b 
a 
x-b 
b- a 
* 
t 
163 85 
7 7 
s=t2 8~9 
Gain 10. 10 sec. exp. 
Lowest power obtainable. 
82 76.3 (cr = 0.95. 10 det.)* 
7 7 (cr = 0.4. 4 det. )* 
93:!:9 9T-1.5 
It was checked that the hor~zontal ~ ~d not require a change ~n 
conditions. The results obtained on the two images are shown in Table 116. 
X 
b 
a 
x-b 
b - a 
cr 
Table 116. Opt~sed Valuest of x, b and a for 
Vertical and Hor~zontal Images of 1 p.p.m. 
Bar~um 4554A line Radiation. 
1 J2·J2·m• Ba 1 E•l2•m• Ba 
Vertical Ima.o:e. Hor~zontal Image. 
6821 8627 
76.3 48 
7 7 
97 209 
:!:1. 5 :!:6 
t Table 105. Cycle 4. 
1 l2·J2·m· Ba 
No F~lter. 
9514 
99 
7 
102 
:!:1 
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Table 117. Optimisation Cycles. Signal Divider. 
1 p.p.m. Bar~um as the Nitrate. 45541 line. 
Vertical Image. Greenfield Torch. Nebuliser No.l. 
Nitrogen Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 3 4 5 
Power kW. 1.52 1.65 1.13 1.05 0.99 
Plasma Gas Flow L/min. 5.2 8.6 6.7 5.2 4.2 
Nebuliser Gas Flow L/min. 1.3 2.0 2.7 2.7 2.6 
Coolant Gas Flow L/min. 6.0 14.0 14.5 14.0 14.5 
Viewing Height 
above Base cm. 3.0 3.0 3.8 3.8 3.8 
Length of Plasma cm. n.d. n.d. n.d. n.d. 0.7 
X 10377 42257 12297 8073 6921 (mean of 2)* 
b 3910 1958 59.4 30.2 23.9 (cr=0.38.10 de~) 
a 7-4 7-4 7-4 7-4 7.4 (cr=0.22.10 de~) 
X- b 1. r-:o.2 21±2 23s±l2 35~35 4ls±ll b - a 
Gain 11. 10 sec. exp. 
Table 118. Optimised Valuest of x, b and a for 
Vertical and Horizontal Images of 1 p.p.m. Bar~um 
45541 l~ne Radiation. 
X 
b 
a 
X- b 
b - a 
cr 
1 E•l2•m• Ba 1 p.p.m. Ba 
Vert~cal Image. Horizontal Image. 
6921 7822 
23.9 18.3 
7-4 7-4 
418 716 
11 38 
t Table 107. Cycle No. 5. 
1 p.p.m. Ba 
No Filter. 
9523 
30.3 
7-4 
415 
16 
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Section 10.1.12 Bar~um Results with the Scott Torch and 
Nebuliser No. 2. 
The results obtained with the No. 2 nebuliser and the Scott 
Torch are shown in Table 119. 
Table 119. Optimisation Cycles. Signal Divider. 
1 p.p.m. Barium as the Nitrate. 455# line. 
Horizontal Image. Scott Torch. Nebuliser No. 2. 
Argon Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 
Power kW. 0.81 0.66 
Plasma Gas Flow L/min. 1.3 0.0 
Nebuliser Gas Flow L/min. 1.7 0.95 
Coolant Gas Flow L/min. 22.0 20.0 
Viewing Height 2.9 3.3 
above Base cm. 
Length of Plasma cm. n.d. 2.6 
X 152 4452 (mean of 2)* 
b 38 26.1 (cr = 0.41. 10 Det. )* 
a 7 7 (cr = 0.15. 10 Det.)* 
X - b 4 23~12 b -a 
* Gain 11. 10 sec. exp. 
Section 10.1.13 Barium Results with the Greenf~eld Torch and 
Nebul~ser No. 2. 
The results obtained with the Greenfield torch and nebuliser 
No. 2 are shown in Tables 120-121. 
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Table 120. Optimisation Cycles. Signal Divider. 
1 p.p.m. Barium as the Nitrate. 4554A l~ne. 
Horizontal Image. Greenfield Torch. Nebuliser No.2. 
Argon Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 3 4 
Power kW. l.st 1.42"t 1.46 1.4lt 
Plasma Gas Flow L/min. 0.0 0.0 2.0 2.0 
Nebuliser Gas Flow t/min. 1.4 1.0 1.2 1.2 
Coolant Gas Flow t/min. 24.0 24.0 20.0 20.0 
Viewing Height 
above Base cm. 2.9 4.8 4.8 4.8 
Length of Plasma cm. n.d. n.d. n.d. 3.6 
X 2627 2627 4358 4358 ccr = 25. 5 det.)* 
b 553 43.5 38.9 38.9 (cr = 0.5. 
a 9.3 9.3 9.3 9.3 ccr = 0.2. 
X- b 4 76 146 146't3 b- a 
* Gain 11. 10 sec. exp. 
t Lowest power obtainable. 
Table 121. Optimisat~on Cycles. Signal Divider. 
1 p.p.m. Bar~um as the Perchlorate. 4554A line. 
Horizontal Im~e. Greenfield Torch. Nebuliser No.2. 
Nitrogen Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 3 4 
Power kW. 1.551" 0.95 0.95 0.95 
Plasma Gas Flow t/min. 7.0 6.0 5.0 5.0 
Nebuliser Gas Flow L/min. 1.7 1.8 1.6 1.7 
Coolant Gas Flow L/min. 20.0 20.0 12.0 12.0 
Viewing Height 
above Base cm. 2.9 3.2 3.2 3.2 
Length of Plasma cm. n.d. n.d. n.d. 0.7 
10 det. )* 
10 det.)* 
X 29395 4849 7270 6232 ccr = 39. 10 det. )* 
b 774 27.3 31.7 27.3 ccr = 1.2. 10 det. )* 
a 9 9 9 9 ccr = 0.2. 10 det.)* 
X- b 36 263 319 33~23 b- a 
t Maximum Power. 
* Gain 11. 10 secs. exp. 
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Section 10.1.14 Summary of the Results obtained on Both Torches 
• 
and Nebulisers for the Barium 4554A line. 
The experimental results for barium of Section 10 are summarised 
in Table 122. 
Table 122. QEtimised 0Eerating Conditions and 
Values of x 1 b and a. 1 E·E·m· Barium as the 
• Nitrate. 4554A line. Horizontal Imap:e. 
Nebul~ser No. l. Nebul~ser No. 
Torch. Greenfield Scott Greenfield Greenfield Scott 
Coolant. Nz Ax Ax Nz Ax 
Power kW 0.99 0.80 L48t 0.95 0.66 
Plasma Gas 
Flow L/min. 4.2 1.3 0.2 5.0 0.0 
Nebuliser Gas 
Flow L/min. 2.6 1.7 2.5 1.7 0.95 
Coolant Gas 
Flow L/min. 14.5 22.0 15.0 12.0 20.0 
Viewing Height 
above Base cm. 3.8 3.2 4.8 3.2 3.3 
Length of 
Plasma cm. 0.7 3.2 3.8 0.7 2.6 
X 7822 30994 8627 6232 4452 
b 18.3 289 48 27.3 26.1 
a 7.4 7 7 9 7 
X- b 71Gi=38 llo±l 20~6 33~23 232±12 b- a 
t Lowest power attainable. 
Section 10.1.15 Aluminium Results with the Scott Torch and 
Nebuliser No. 1. 
The results for the aluminium 3961A line are shown in Tables 
123-125. 
2. 
Greenfield 
Ax 
1.41t 
2.0 
1.2 
20.0 
4.8 
3.6 
4358 
38.9 
9.3 
146±3 
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Table 123. Optimlsation Qycles. Signal Divider. 
1000 p.p.m. Aluminium as the Perchlorate. 
line. Vertical Image. Scott Torch. Nebuliser No.l. 
Argon Coolant • S.C.l5 Generator. 
Number of Cycle. 1 2 3 
Power kW. 1.06 1.21 1.11 
Plasma Gas Flow L/min. 0.0 1.0 3.0 
Nebuliser Gas Flow L/min. 1.0 1.8 2.5 
Coolant Gas Flow L/min. 15.0 24.0 23.5 
Viewing Height 
above Base cm. 2.8 3-7 4-3 
Length of Plasma cm. n.d. n.d. 3-5 
X 69835 187690 232460 
b 976.5 167 33 (cr = 0.94. 10 det.) 
a 19.2 19.2 19.2 (<J = 0.42. 10 det.) 
X- b 72 1269 1684~400 b- a 
The experiment was repeated with the ~ rotated. Almost 
identical conditions were found as shown in Table 124. 
Table 124. Qptimisation Qycles. Signal Divider. 
1000 p.p.m. Aluminium as the Perchlorate. 2261A 
line. Horizontal Ima~e. Scott Torch, NebulJ.ser No.l. 
Argon Coolant • S.C.l5 Generator. 
Number of Cycle. 1 2 3 4 
Power kW. 1.07 1.0 1.17 1.17 
Plasma Gas Flow L/min. 0.0 1.3 2.0 2.0 
Nebuliser Gas Flow L/min. 1.0 1.9 2.3 2.3 
Coolant Gas Flow L/min. 15.0 21.5 22.0 24.0 
Viewing Height 
above Base cm. 2.8 4-4 4-0 4.0 
Length of Plasma cm. n.d. n.d. n.d. n.d. 
X 76566 92840 230288 239045* 
b 571.5 22.5 20.1 19.3 (cr = 0.67. 10 det. 
a 12.5 12.5 12.5 12.5 (<J = 0.53. 10 det. 
x-b 136 9282 30298 3515l:tl390 b- a 
* Gain 6. 1 sec. exp. 
- 275 -
The above experiment was then repeated using 1 p.p.m. solut~on, 
the results obta~ed appear in Table 125. 
Table 125. Optimisation Cycles. Signal D~vider. 
1 p.p.m. Aluminium as the Perchlorate. 3961A line. 
Horizontal ImaRe. Scott Torch. Nebuliser No. 1. 
Argon Coolant • s.c.15 Generator. 
Number of Cycle. 1 2 3 
Power kW 1.17 0.97 1.01 
Plasma Gas Flow t/min. 2.0 2.7 2.5 
Nebuliser Gas Flow t/min. 2.3 2.5 2.6 
Coolant Gas Flow t/min. 22.0 22.0 22.0 
Viewing Height 
above Base cm. 4.0 4.6 4.6 
Length of Plasma cm. n.d. n.d. n.d. 
X 403.0 346.5 381.0 
b 41.6 39.3 39.3 
a 33.f 33.f 33.f 
X- b 46 56 61 b - a 
* Gain 8. 10 sec. exp. 
The al~nium 2816A line was then looked at using the Scott 
Torch and nebuliser No. 1. A 1% w/v al~um perchlorate solution 
was used initially. The results are shown in Table 126. 
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Table 126. Optimisat~on Cycles. Signal Divider. 
1% w/v. Aluminium as the Perchlorate. 2816A line. 
Scott Torch. Nebuliser No.l. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 1 2 3 4 
Power kW. 1.07 1.13 1.19 1.21 
Plasma Gas Flow L/min. 0.0 1.0 1.2 1.0 
Nebuliser Gas Flow L/mxn. 1.0 1.7 1.7 1.8 
Coolant Gas Flow L/min. 15.0 20.0 23.5 24.0 
Viewing Height 
above Base cm. 2.82 3.72 3.72 3.72 
Length of Plasma cm. n.d. n.d. n.d.. 4.4 
X 513 546 573 444·3 (mean of 3) 
b 247 91 72 66.8 ccr = 0.47. 
a 5 5 5 5 (cr = 0.3. 
x-b 1.1:1:0.03 5-~0.5 6.Gt0.7 6.1:1:0.1 b- a 
Section 10.1.16 Aluminium Results with the Greenfie1d Torch and 
Nebuliser No. 1. 
10 det.) 
2 det.) 
The 2816A line was then examined with the Greenfield torch. The 
results were shown in Tables 127-128. 
Table 127. Optimisation Cycles. Signal Divider. 
1~ w(.v Aluminium as the Perchlorate. 2816A line. 
Greenfield Torch. Nebuliser No.l. Argon Coolant. 
S.C.l2 Generator. 
Number of Cycle. 1 2 3 
Power kW. l.75t l.8st l.8at 
Plasma Gas Flow L/min. 3.5 1.3 2.5 
Nebuliser Gas Flow L/min. 3-5 3-3 3.1 
Coolant Gas Flow L/min. 23.5 21.0 22.5 
Viewing Height 
above Base cm. 4-78 4.36 4.76 
Length of Plasma cm. n.d. n.d. 3.12 
X n.d. n.d. 4213* 
b n.d. n.d. 292* 
a n.d. n.d. 9* 
X- b 
n.d. n.d. 0.4s:l:0. 05 b- a 
t 
* 
Highest powers obtainable with these gas flows. 
Gain 8. 60 sec. exp. 
----------------
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Table 128. Optimlsation Cycles. Signal Div~der. 
1% w/v Alumi~um as the Perchlorate. 2816A l~ne. 
Greenfield Torch. Nebul~ser No. 1. N~trogen 
Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 
Power kW. 1.43"t 1.43f" 
Plasma Gas Flow t/min. 8.3 5.6 
Nebuliser Gas Flow t/min. 3-3 3-4 
Coolant Gas Flow t/min. 
Viewing Height 
above Base cm. 
Length of Plasma cm. 
X 
b 
a 
X- b 
b- a 
t 
* 
Highest 
Gain 8. 
6.0 5.5 
2.66 3.46 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 
powers obtainable. 
60 sec. exp. 
3 4 
1.46't 1.3lt 
5.0 5.0 
3-4 3-4 
3.0 5.0 
3.86 3.86 
n.d. 0.94 
n.d. 542 
n.d. 362 
n.d. 9 
n.d. 0.51±.05 
Section 10.1.17 Aluminium Results with the Scott Torch and 
Nebuliser No. 2. 
The results obtained with the No. 2 nebuliser and the Scott Torch 
are shown in Tables 129-130. 
Table 129. Optimlsation Cycles. Signal Divider. 
1 p.p.m. Alumi~um as the Perchlorate. 3961A line. 
Horizontal Image. Scott Torch. Nebuliser No. 2. 
Argon Coolant • S.C.l5 Generator. 
Number of Cycle. 1 
Power kW. 1.11 
Plasma Gas Flow t/min. 3.0 
Nebuliser Gas Flow t/min. 2.5 
Coolant Gas Flow t/min. 24.0 
2 
1.34 
2.0 
2.7 
24.5 
3 
1.12 
2.0 
1.7 
26.0 
4 
1.12 
0.5 
1. 75 
26.0 
5 
1.12 
0.0 
1. 75 
26.0 
Viewing Height 
above Base cm. 3.6 4.6 4.8 4-9 4.8 
Length of Plasma cm. 
X 
b 
a 
X- b 
b- a 
* Gain 9. 
n.d. n.d. n.d. n.d. 3.6 
179 
162 
65.1 
0.2 
333 658 
162 133 
65.1 65.1 
1.8 8 
10 sec. exp. 
750 768 (cr = 13. 3 det. )* 
105 104 (cr = 0.84. 10 det. 
65.1 65.1(cr = 0.41. 10 det. 
16 1~0.5 
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Table 130. Ootimisation Cycles. Signal Divider. 
' 1000 p.p.m. Aluminium as the Perchlorate. 2816A line. 
Scott Torch. Nebuliser No.2. Argon Coolant. 
S.C. Generator. 
Number of Cycle. 1 2 
Power kW. 1.16 1.16 
Plasma Gas Flow L/min. 1.0 1.0 
Nebuliser Gas Flow. L/min. .85 1.0 
Coolant Gas Flow L/min. 24.0 22.0 
Viewing Height 3.5 3.5 
above Base cm. 
Length of Plasma cm. n.d. 3.8 
X 106 100.8 ccr = .63. 4 det.) 
b 67 61.4 ccr = .6. 10 det.) 
a 5.2 5.2 (cr = .13. 10 det.) 
X- b 
.63 • 7 ± .02 b- a 
Section 10.1.18 Alumin2um Results with the Greenfield Torch and 
Nebuliser No. 2. 
The results obtained with the Greenfield torch and nebuliser 
No. 2 are shown in Tables 131 - 136. 
Table 131. Optimisation Cycles. Signal Divider. 
1 p.p.m. Alumn2um as the Perchlorate. 396llline. 
Horizontal Image. Greenfield Torch. Nebuliser No.2. 
Argon Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 3 
Power kW. 1.39 1.34t 1.39t 
Plasma Gas Flow. L/min. 1.5 3.0 2.0 
Nebuliser Gas Flow L/min. 0.7 1.4 1.5 
Coolant Gas Flow L/min. 16.0 16.0 16.0 
Viewing Height above 
Base cm. 3·5 4.3 4·3 
Length of Plasma cm. n.d. n.d. 4.0 
X 309 193 237.9 (cr = 1.4. 8 det.)* 
b 159 35 34.9 (cr = 0.2. 10 det.)* 
a 23.6 23.6 23.6 ccr = 0.2. 10 det. )* 
X- b 1.1 14 ls±0.4 b- a t Minimum power obtainable. 
* Gain 7. 10 sec. exp. 
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Table 132. Optimisation Cycles. Signal Divider. 
1 p.p.m. Aluminium as the Perchlorate. 3961A l~ne. 
Horizontal Image. Greenfield Torch. Nebuliser No.2. 
Nitrogen Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 3 
Power kW. 1.47 1.14 1.15 
Plasma Gas Flow L/min. 6.5 6.0 6.0 
Nebuliser Gas Flow L/min. 2.8 3.0 2.7 
Coolant Gas Flow L/min. 10.0 12.0 15.0 
Viewing Height above 
Base. cm. 4.8 4.4 4.4 
Length of Plasma cm. n.d. n.d. 1.1 
X 556 290 320 (" = 2.6. 10 det. )* 
b 42 28 27.1 (" = 0.2. 10 det. )* 
a 24.4 24.4 24.4 (" =·0.2. 10 det.)* 
X- b 29 73 lOs±lO b- a 
* Gain 7. 10 sec. exp. 
Table 133. Optimisation Cycles. Signal Divider. 
1000 p.p.m. Aluminium as the Perchlorate. 2816A line. 
Greenfield Torch. Nebuliser No.2. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 
Power kW. 
Plasma Gas Flow L/min. 
Nebuliser Gas Flow L/min. 
Coolant Gas Flow L/min. 
Viewing Height above 
Base cm. 
Length of Plasma cm. 
X 
b 
a 
1 
1.79 
2.5 
3.1 
22.0 
4.8 
n.d. 
88 
85 
5.8 
2 
1.88t 
2.8 
3.0 
22.0 
4·9 
4.1 
71.25 (" = 1.0. 
65.2 (" = 1.0. 
5.8 (" = 0.3. 
X- b 
b- a .04 .1:t.o2 
t 
* 
Highest 
Gain 8. 
power available. 
10 sec. exp. 
8 det.)* 
5 det.)* 
10 det. )* 
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Because of very small signals the above optimisat~on was 
carr~ed out using one meter only, i.e. one channel, and was 
repeated us~g the high power R.D. 150 generator. The results 
are shown in Table 134. 
Table 134. Optimisation Cycles. Signal Divider. 
1000 p.p.m. Aluminium as the Perchlorate. 2816A line. 
Greenfield Torch. Nebuliser No. 2. Argon Coolant. 
R.D. 150 Generator. 
Number of Cycle. 1 2 
Power kW. 3.22 3.92 
Plasma Gas Flow t/min. 10.0 3.0 
Nebuliser Gas Flow t/=. 1.9 2.1 
Coolant Gas Flow tf=· 40.0 40.0 
Viewing Height above 
Base cm. 3·4 3·4 
Length of Plasma cm. n.d. 4.5 
X 4554 4793 (cr = 10.1. 5 det.)* 
b 3030 3030 (0" = 4.5. 5 det. )* 
a 5.4 5.4 (0" = 0.2. 5 det. )* 
x-b 0.5 o. 58:9= .004 b- a 
* Gain 8. 10 sec. exp. 
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Table 135. Optimisation Cycles. S1gnal Divider. 
1000 p.p.m. Aluminl.um as the Perchlorate. 2816A line. 
Greenfield Torch. Nebuliser No.2. Nitrogen Coolant. 
S.C.l5 Generator. 
Number of Cycle. 1. 2 
Power kW. 1.31 l.Glt 
Plasma Gas Flow i./min. 5.0 7.0 
Nebuliser Gas Flow i./min. 3.4 2.0 
Coolant Gas Flow i./min. 5.0 10.0 
Viewing Height above 4.1 4.1 
Base cm. 
Length of Plasma cm. n.d. 1.2 
X 71.8 91.8 (cr = 1.0. 10 det.)* 
b 69.8 87.4 ccr = 0.8. 10 det. )* 
a 5.2 5.2 (cr = 0.2. 5 det. )* 
X- b 
.031 • 054:!:. 015 b - a 
* Gain 8. 10 sec. exp. 
The signals obta1.ned were so small and the response to 
variation of the parameters was very flat and it may be doubtful 
whether any genuine optimisation was achieved. The optimlsation 
was carried out with one meter only. The experiment was repeated 
using the large generator. 
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Table 126. QEtimisation Cycles. Siggal DiVl.der • 
• 
1000 J2·ll.m. Aluminium as the Perchlorate. 2816A 
line. Greenfield Torch. Nebuliser No. 2. 
Nitrogen Coolant. R.D. 150 Generator. 
Number of Cycle. 1 2 3 4 
Power kW. 5.1 3-1 2.5 2.6 
Plasma Gas Flow L/min. 16.0 38.0 34.0 32.0 
Nebuliser Gas Flow L/min. 2.5 1.8 1.8 1.8 
Coolant Gas Flow L/min. 45.0 43.0 40.0 40.0 
Viewing He~ght above 
Base cm. 2.7 3.2 3.1 3.2 
Length of Plasma cm. n.d. n.d. n.d. 3-7 
X 184 672 3380 2838 ea = 7 .6. 
b 142 380 1504 1249 ea = 5.2. 
a 5-3 5-3 5-3 5.3 (a = 0.3. 
X- b 0.31 0.78 1.25 1.2sZ.Ol b - a 
* Gain 8. 10 sec. exp. 
Section 10.1.19 Summary of the Results Obtained on Both Torches 
and Nebulisers for the Al~nium 2961A l~ne. 
The experimental results for al~um of Sechon 10 are 
summarised in Table 137. 
10 det.)* 
10 det. )* 
3 det. )* 
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Table 137. Optimlsed Operating Conditions and 
Values of x, b and a. 1 p.p.m. and 1000 p.p.m. 
Aluminium as the Perchlorate. 3961A line. 
Horizontal Image. 
Nebuliser No.l. Nebuliser No.2. 
Torch. Scott Greenfield Greenfield Scott Greenfield 
Coolant. Ar Ar N2 Ar Ar 
Power kW. 1.01 1.17 1.15 1.12 l.3Qt 
Plasma Gas 2.5 2.0 6.00 0.0 2.0 Flow L/min. 
Nebuliser Gas 2.6 2.3 2.7 l. 75 1.5 Flow L/min. 
Coolant Gas 22.0 24.0 15.0 26.0 16.0 Flow L/min. 
Viewing Height 4.6 4.0 4·4 4.8 4.3 above Base cm. 
Length of 
n.d. n.d. 1.1 3.6 4.0 Plasma cm. 
X 381 239045 320 768 237.9 
b 39.3 19.3 27.1 104 34.9 
a 33.7 12.5 24.4 65.1 23.6 
X- b 61 35151 10~10 1 T-=0.5 18:!:0.4 b- a 
Cone. p.p.m. 1 1000 1 1 1 
t ~ power obtainable. 
Section 10.1.20 Summary of the Results Obtained on Both Torches 
• and Nebulisers for the Aluminium 2816A line. 
This summa.ry is shown in Table 138. 
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Table 138. Optimised Operating Conditions and 
Values of x, b and a. l% and 1000 p.p.m • 
• Aluminium as the Perchlorate. 28l6A line. 
Nebuliser No.l. Nebul~ser No.2. 
Torch. Greenfield Scott Greenfield Greenfield Scott Greenfield 
Coolant • N2 Ar 
Power kW. 1.31t 1.21 
Plasma Gas 
Flow £/min. 5. 0 1. 0 
Nebuliser Gas 
Flow £/min. 3.4 1.8 
Coolant Gas 
Flow £/min. 5.0 24.0 
Viewing He~ght 
above Base cm. 3.86 3.72 
Length of 
Plasma cm. 0.94 4.4 
X 542 444.3 
b 362 66.8 
a 9 5 
X- b 
b- a 
Cone. p.p.m. 
l.8sT 
22.5 
4-76 
3.12 
428 
292 
9 
2.6 
32.0 
1.8 
40.0 
3-7 
2838 
1249 
5-3 
1000 
Ar Ar 
1.16 3.92 
1.0 3.0 
1.0 2.1 
22.0 40.0 
3-5 3-4 
3.8 4-5 
100.8 4793 
61.4 3030 
5.2 5-4 
1000 1000 
t Highest power obtainable with these gas flows. 
Section 10.1.21 Zinc Results with the Scott Torch and Nebuliser No.2. 
The element zinc was investigated using the lines 3076A and 
3072A the results obtained for the Scott Torch are shown in Tables 
139 and 140. 
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Table 139. Optimisation Cycles. Signal D~vider. 
1000 p.p.m. Zinc as the Nitrate. 3076A line. 
Scott Torch. Nebuliser No. 2. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 1 2 3 
Power kW. 1.05 0.95 0.89 
Plasma Gas Flow t/mn. 0.2 0.0 0.0 
Nebuliser Gas Flow t/min. 2.0 1.0 1.0 
Coolant Gas Flow t/min. 18.0 19.0 19.0 
Viewing He~ght above 3.1 3.5 3.3 
Base. cm. 
Length of Plasma cm. n.d. n.d. 2.7 
X 158 481 481 (cr = 4.1. 
b 68.9 54.1 52.2 (cr = 0.44. 
a 24.7 24.7 24.7 (cr = 0.33. 
X- b 2.0 14.5 15.~.3 b-a 
* Gain 7. 10 sec. exp. 
3 det. )* 
10 det. )* 
3 det. )* 
Table 140. Optimisation Cycles. Signal Divider. 
1000 p.p.m. Zinc as the Nitrate. 30J2A line. 
Scott Torch. Nebuliser No.2. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 1 2 
Power kW 0.89 0.5Ji' 
Plasma Gas Flow t/min. 0.0 o.o 
Nebuliser Gas Flow L/min. 1.0 0.5 
Coolant Gas Flow t/min. 19.0 19.0 
Viewing Height above 
Base cm. 2.7 2.0 
Length of Plasma cm. n.d. 3·4 
X 147 147 (cr = l. 7. 7 det. )* 
b 101 83 (cr = 0.95. 10 det.)* 
a 24.3 24.3 (cr = 0.33. 3 det. )* 
x-b 0.6 l.Og!:.03 b-a 
t MizUJmnn power obtainable. 
* Gain 7. 10 sec. exp. 
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Sect~on 10.1.22 Zinc Results w~th the Greenfield Torch and Nebuliser No.2. 
The zinc results with the Greenfield Torch are shown ~n Tables 
141 to 146. 
Table 141. Optimisation Cycles. Signal Divider. 
1000 p.n.m. Zinc as the Nitrate. 3076A line. 
Greenfield Torch. Nebuliser No.2. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 
Power kW 
Plasma Gas Flow L/min. 
Nebuliser Gas Flow L/min. 
Coolant Gas Flow L/min. 
Viewing Height above 
Base cm. 
Length of Plasma cm. 
1 
1.51 
2.5 
1.5 
27.0 
3.8 
n.d. 
2 
l.44t 
0.0 
1.2 
26.0 
3.5 
4.1 
X 1754 1950 ccr = 2.0. 3 det. )* 
b 129 129.4((] = 1.3. 10 det.)* 
a 26.8 26.8 ccr = 0.3. 10 det. )* 
x-b 
b- a 15.8 
t Minimum power. 
* Gain 7. 10 sec. exp. 
+ 17.7-0.2 
Table 142. Optimisation Cycles. Signal Divider. 
1000 p.p.m. Zinc as the Nitrate. 3076A line. 
Greenfield Torch. Nebuliser No. 2. N2 Coolant. 
S.C.l5 Generator. 
Number of Cycle. 
Power kW 
Plasma Gas Flow L/min. 
Nebuliser Gas Flow L/min. 
Coolant Gas Flow L/min. 
Viewing Height above 
Base cm. 
Length of Plasma cm. 
X 
b 
a 
X- b 
b - a 
* Gain 7. 
1 
1.15 
6.5 
2.0 
10.5 
2.9 
n.d. 
308 
87 
28.1 
4.8 
10 sec. exp. 
2 3 
1.22 1.19 
8.0 9.0 
1.2 1.5 
14.0 14.0 
2.9 2.9 
n.d. 0.8 
864 1011 (cr = 0.7. 
166 107 ((] = 3.5. 
28.1 28.1 ((] = 0.3. 
6.1 ll.;rl=0.5 
3 det. )* 
10 det. )* 
10 det. )* 
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Table 143. Ontimisat~on Cycles. Signal Divider. 
• 1000 p.p.m. Zinc as the Nitrate. 3072A line. 
Greenfield Torch. Nebuliser No. 2. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 
Power kW 
Plasma Gas Flow L/min. 
Nebuliser Gas Flow L/min. 
Coolant Gas Flow L/min. 
Viewing Height above 
Base cm. 
Length of Plasma cm. 
X 
b 
a 
X- b 
b- a 
1 
1.8st 
4.7 
3.1 
27.0 
5.5 
n.d. 
898 
792 
30.1 
0.14 
t Maximum Power Available. 
* Gain 7. 10 sec. exp. 
2 
1.831" 
4.0 
0.7 
25.0 
3.3 
4.2 
1061.6 (cr = 6.5. 5 det.)* 
792 ccr = 3.8. 10 det.)* 
30.1 ccr = 0.3. 10 det.)* 
0.35:!:0.01 
Table 144. Optimisation Cycles. Signal Divider. 
1000 p.p.m. Zinc as the Nitrate. 3072A line. 
Greenfield Torch. Nebuliser No.2. Argon Coolant. 
R.D.l50 Generator. 
Number of Cycle. 1 2 
Power kW 2.18 1.8st 
Plasma Gas Flow L/min. 10.0 13.ot 
Nebuliser Gas Flow L/mm. 2.0 1.9 
Coolant Gas Flow L/min. 41.0 40.0 
Viewing Height above 
Base cm. 3·4 3.9 
Length of Plasma cm. n.d. 3.6 
X 3219 2201 (cr = 6.3. 5 det.)* 
b 1996 1152 ccr = 8.0. 5 det. )* 
a 30.6 30.6 ccr = 0.6. 5 det. )* 
x-b 0.62 0. 94:!:0. 01 b- a 
t Reductions ~ both plasma gas and power were 
indicated to give improved ratio, but when these 
were applied the plasma could not be kept 
alight. 
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Table 145. Optimisation Cycles. Signal Div~der. 
1000 p.p.m. Zinc as the Nitrate. 3072A line. 
Greenfield Torch. Nebuliser No. 2. Nitrogen 
Coolant. S.C.l5 Generator. 
Number of Cycle. 1 2 
Power kW 1.43 1.65t 
Plasma Gas Flow L/min. 8.0 8.0 
Nebuliser Gas Flow L/min. 1.5 1.7 
Coolant Gas Flow L/min. 9.0 9.0 
Viewing Height above 3.3 3.3 
Base. cm. 
Length of Plasma cm. n.d. 1.3 
X 421 648.8 (cr = 6.5. 5 det. )* 
b 307 483.3 (cr = 2. 7. 10 det.)* 
a 30.1 30.1 ccr = 0.3. 10 det.)* 
X- b 0.41 0.3&t.02 b- a 
t Maximum 
1
:r;ower. 
* Gain 7. 10 sec.exp. 
Table 146. Optimisation Qycles. Signal Divider • 
• 1000 p.p.m. Zinc as the Nitrate. 3072A line. 
Greenfield Torch. Nebuliser No. 2. Nitrogen 
Coolant. R.D.l50 Generator. 
Number of Cycle. 1 2 3 4 5 6 
Power kW. 3.3 3.3 3.2 3.0 2.6 2.6 
Plasma Gas Flow J,jmin. 10.8 9.0 12.0 16.0 17.0 18.0 
Nebuliser Gas Flow L/min. 1.3 1.8 1.8 1.8 1.8 1.8 
Coolant Gas Flow L/min. 42.0 39.0 37.0 36.0 36.0 36.0 
Viewing Height above 2.7 2.3 2.5 2.5 2.7 2.8 
Base cm. 
Length of Plasma cm. n.d. n.d. n.d. n.d. n.d.. 1.9 
X 4262 4448 5070 6998 4386 4449(cr=l6. 
b 3978 3916 2664 3352 1912 1912(cr=3.2. 
a 33.5 33·5 33.5 33.5 33.5 33.5(cr=0.3. 
X- b 0.70 0.14 0.91 1.10 1.32 1.351=0.01 b - a 
* Gain 7. 10 sec. exp. 
5 det. 
6 det. 
4 det. 
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Section 10.1.23. Summary of the Results Obtained on Both Torches 
and Nebuliser No.2 for the Zinc 3076A line. 
The experimental results for the 3076A line of zinc are 
summarised in Table 147. 
Table 147. Optimised Operating Conditions and 
Values of x, b and a. 1000 p.p.m. Zinc as the 
Nitrate. 3076A line. 
Nebuliser No. 2. 
Torch. Greenfield Scott Greenfield 
Coolant N2 .Ax .Ax 
Power kW 1.19 0.89 1.44+ 
Plasma Gas Flow L/min. 9.0 0.0 o·.o 
Nebuliser Gas Flow L/min. 1.5 1.0 1.2 
Coolant Gas Flow L/min. 14.0 19.0 26.0 
Viewing Height above 
Base cm. 2.9 3.3 3.5 
Length of Plasma cm. 0.8 2.7 4.1 
X lOll 481 1950 
b 107 52.2 129.4 
a 28.1 24.7 26.8 
X- b 11.51'0.5 15.Gt0.3 17.'(-0.2 b- a 
t Minimum power. 
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Section 10.1.24 Summary of the Results Obtained on Both Torches 
and Nebuliser No.2 from the Zinc 3072A line. 
Table 148. Optimised Operating Conditions and 
Values of x, b and a. 1000 p.p.m. Zinc as the 
• Nitrate. 3072A line. 
Nebuliser No. 2. 
Torch. Greenfield Scott· Greenfield 
Coolant Nz Ar Ar 
Power kW 2.6 o. 531' 1.8at 
Plasma Gas Flow t/min. 18.0 o.o 13.ot 
Nebuliser Gas Flow t/min. 1.8 0.5 1.9 
Coolant Gas Flow t/min. 36.0 19.0 40.0 
Viewing Height above 
Base cm. 2.8 2.0 3.9 
Length of Plasma cm. 1.9 3.4 3.6 
X 4449 147 2201 
b 1912 83 1152 
a 33.5 24.3 30.6 
X- b 1.35'1=0.01 l.O;P=0.03 0.94:!:0.01 b- a 
t Lower values indicated but not ac~evable 
on the generators used. 
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Section 10.1.25 Vanadium Results with the Scott Torch and 
Nebuliser No.l. 
The results for the vanadium 3093A line are shown in Table 149 
using nebuliser No.l. 
Table 149. Optimisation 9ycles. Signal Divider. 
1000 p.p.m. Vanadium as the Perchlorate. 3093A line. 
Scott Torch. Nebuliser No.l. Argon Coolant. 
s.c.15 Generator. 
Number et: Cycle 1 2 3 
Power kW 1.08 0.70 0.76 
Plasma Gas Flow L/min. o.o 1.3 0.6 
Nebuliser Gas Flow i./min. 1.0 1.4 1.6 
Coolant Gas Flow L/min. 15.0 21.0 21.0 
Viewing Height above 
Base cm. 2.8 3.0 2.8 
Length of Plasma cm. n.d. n.d. 3.0 
X 26605 15968 27934 
b 113.3 33·3 32 
a 12 12 12 
X- b 262 748 13951'35 b- a 
Section 10.1.26 Vanadium Results with the Scott Torch and 
Nebuliser No. 2. 
The results using nebuliser No.2 are shown ~n Table 150. 
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Table 150. Opti~sation Cycles. Signal Divider. 
0 
1000 p.p.m. Vanadium as the Perchlorate. 3093A line. 
Scott Torch. Nebuliser No.2. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 1 2 
Power kW 0.76 0.65 
Plasma Gas Flow L/min 0.6 0.25 
Nebuliser Gas Flow .t/min. 1.6 0.75 
Coolant Gas Flow L/min. 21.0 19.00 
Viewing Height above 
Base cm. 2.3 2.3 
Length of Plasma cm. n.d. 3.1 
X 1082 27228 ccr = 214. 8 det. )* 
b 88 32.5 ccr = 0.6. 10 det.) 
a 12.2 12.2 (cr = 0.25. 4 det.) 
X- b 13 134<Y=43 b- a 
* Gain 2. 10 sec. eX].J. 
Section 10.1. 2t Vanadium Results with the Greenfield Torch and 
Nebuliser No.2. 
These are shown in Tables 151 to 153. 
Table 151. Optimisation Cycles. Signal Divider. 
0 
1000 p.p.m. Vanadium as the Perchlorate. 3093A line. 
Greenfield Torch. Nebuliser No.2. Argon Coolant. 
S.C.l5 Generator. 
Number of Cycle. 
Power kW 
Plasma Gas Flow .t/min. 
Nebuliser Gas Flow .t/min. 
Coolant Gas Flow L/min. 
Viewing Height above 
Base cm. 
Length of Plasma cm. 
X 
b 
a 
x-b 
b- a 
t Minimum :10wer. 
1 
1.5lt 
o.o 
1.5 
21.0 
3.9 
n.d. 
3692 
42 
6 
101 
2 
1.46t 
0.0 
1.0 
24.0 
3·3 
4.0 
23524 
24. ,j:-
6 
127't-11 
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Table 152. Optimisation Cycles. Signal Divider. 
1000 p.p.m. Vanadium as the Perchlorate. 3093A line. 
Greenfield Torch. 
S.C.l5 Generator. 
Number of Cycle. 
Power kW 
Plasma Gas Flow L/min. 
Nebuliser Gas Flow L/min. 
Coolant Gas Flow L/min. 
Viewing Height above 
Base cm. 
Length of Plasma cm. 
Nebuliser No.2. 
1 2 
1.31 1.39 
6.5 5.0 
2.1 1.4 
14.0 10.0 
3.5 3.2 
n.d. n.d. 
N2 Coolant. 
3 
1.6ot 
6.5 
1.4 
10.0 
3.0 
1.4 
X 1842 
b 26 
a 6 
15427 
36 
6 
22036 ccr = 191. 5 det. )* 
38 ccr = 0.26. 10 det.)* 
-6 ccr = 0.03. 10 det.)* 
X- b 
b- a 
t 
* 
91 
Maxl.mum :Power ava~lable. 
Gain 2. 10 sec. exp. 
513 68't-10 
Table 153. Optimisation Cycles. Signal Divider. 
1000 p.p.m. Vanadium as the Perchlorate. 3093A line. 
Greenfield Torch. Nebuliser No.2. N2 Coolant. 
R.D.l20 Generator. 
Number of Cycle. 1 2 3 
Power kW 1.98 1. 78 1.66 
Plasma Gas Flow L/min. 10.5 5.0 5.0 
Nebuliser Gas Flow L/min. 1.4 2.1 2.1 
Coolant Gas Flow L/min. 30.0 30.0 30.0 
Viewing Height above 
Base cm. 3.8 3·7 3.5 
Length of Plasma cm. n.d. n.d. 1.6 
X 7333 11520 12800 ccr = 47. 
b 20.7 21.5 21.9 (cr = 0.6. 
a 5.2 5.2 5.2 ccr = 0.3. 
X- b 472 705 765131 b- a 
* Gain 1. 10 sec. exp. 
4 det. )* 
9 det. )* 
10 det. )* 
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Section 10.1.28 Summary of the Results Obtained on Both Torches 
and Nebulisers for the Vana~um 3093A Line. 
The van~um results of Section 10 are summarised ~n Table 154. 
Table 154. Optimised Operating Conditions and 
Values of x, b and a. 1000 p.p.m. Vanadium 
as the Perchlorate. 309~ line. 
Torch. 
Coolant. 
Power kW. 
Plasma Gas Flow t/min. 
Nebuliser No.l. 
Scott 
Ax 
0.76 
0.6 
Nebuliser Gas Flow t/min. 1.6 
Coolant Gas Flow t/min. 21.0 
Viewing Height above 
Base cm. 2.8 
Length of Plasma cm. 3.0 
27934 
32 
X 
b 
a 
X- b 
b- a 
t 
12 
13951'35 
I 
Miniliium power. 
Nebuliser No.2. 
Greenfield Scott Greenfield 
N2 Ax Ax 
1.66 0.65 1.46t 
2.1 
30.0 
3.5 
1.6 
12800 
21.9 
5.3 
7651'31 
0.25 
0.75 
19.0 
27228 
32.5 
12.2 
134o:t43 
0.0 
1.0 
3·3 
4.0 
23524 
24.4 
6 
127r-t11 
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Sect~on 10.2 A Critical Examination of the Results of Chapter 10. 
During the early stages of the experiments it was found that 
the signal to background rat~os obtained when using the cyclone spray 
chamber were better than those obtained when using the chamber of 
Scott. The detailed results are given in Tables 90 and 155. 
Table 155. Optimised Operating Conditions 
and Values of x, b and a. Scott Torch with 
Different Spray Chambers Nebuliser No. 2. 
1 p.p.m. Sodium as the Chloride. 5896 A line. 
Horizontal Image. 
Chamber. Scott. Scott with Tube. Cyclone. 
Power kW. 1.0 0.93 1.0 
Plasma Gas Flow 1-/min. >o.o 1.0 >o.o 
Nebuliser Gas Flow 
1-/min. 2.7 2.5 2.2 
Coolant Gas Flow 
1-/min. 15 to 24* 22.0 22.0 
Viewing Height 
above Base cm. 5.8 6.3 5.6 
X 917.0 636.0 1614.0 
b 17.7 14.0 17.4 
a 8.7 9.2 9.6 
x-b 10otl2 13otl8 20s:tl2 b- a 
* No change in ratio from 15 to 24. 
It was difficult to understand exactly how the signal to 
background ratio was influenced by the shape of the cyclone chamber, 
so this effect was investigated further. Table 156 shows the uptake 
rate, transfer effic~ency and the mls/min. of liquid arriv~g at the 
inJector tip, for different flow rates for the two systems. It was 
known that the uptake rate is effected by temperature, so all 
measurements were taken at the same temperature, in a temperature-
controlled room. 
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Table 156. An Exanunation of the Parameters 
Involved in the Comparison of the Two 
Nebulisation Systems. 
Scott Chamber + 
Scott Torch. 
Nebuliser flow-rate 
1) Optimised 
Conditions. 
L/min. 2.7 
Liquid uptake. mls/min. 7.48 
Transfer efficiency %. 1.6 
Mls/min. at inJector. 0.12 
2) Non-Optinused 
Conditions. 
Nebuliser flow-rate 
L/min. 
Liquid uptake. mls/min. 
Transfer efficiency %. 
Mls/min. at inJector. 
2.2 
6.71 
1.3 
0.087 
Comparative 
Flow-rates. 
Nebulisation into Free Air 
Without any Chamber 
Nebuliser flow-rate 
L/min. 2.2 
Liquid uptake. mls/min. 5.8 
Cyclone Chamber + 
Scott Torch. 
3) Optimised 
Conditions. 
2.2 
5.89 
2.0 
0.118 
4) Non-Optimised 
Conditions. 
2.7 
7.06 
2.0 
0.141 
2.7 
7.31 
It can clearly be seen from this table that although the uptake 
rate is less when the cyclone chamber is used the transfer efficiency 
is greater and the same or a larger amount of material is carried at 
the same or slower rate and therefore the residence time in the plasma 
is longer. No reason can be given why the uptake rates, when 
nebulising into free air and into the chambers, should be different, 
or why they should be different for ~fferent chambers. Bacl!:-pressure 
may be a reason but this does not completely explain all the 
variations. The different transfer efficiencies are probably 
explained by the greatly different surface to volume ratios of the 
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chambers. The cyclone chamber has the smaller ratio and it might 
be expected that less material would be deposited on ~ts surface than 
is the case for the Scott chamber. 
2.4% w/v anhydrous magnesium sulphate was the material sprayed 
through the nebuliser ~ these tests and the droplets were collected 
on microscope slides and examined under the microscope; no difference 
in particle size or distribution could be detected. However, the 
collection of the particles was by no means complete, and in particular 
it was noticed that much of the fine mist was carried round the slide 
without impingLOg on it. Little, therefore, can be said about the 
distributions of the finest particles. 
The number of comparisons which could be made of the effect of 
the two nebulisers on the optimum conditions and on the signal to 
background ratios was limited to those that could be made using the 
Scott torch. This was due in the first instance to a failure to 
achieve formal optimisation with the Greenfield torch on the small 
generator and latterly to a shortage of experimental time. Not 
only are the results limited in number but the results for the neutral 
atom lines are inexplicable as can be seen from Table 157 w~ch is a 
s~ of the relevant parts of Tables 102, 112, 122, 137 and 154. 
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Table 157. Changes in Opt~sed Condit~ons 
on going from Nebuliser No. 1 to Nebuliser 
No. 2. Scott Torch. Argon Coolant • 
Element. Na Cs Al ]a V 
State. u1 u3 u1 v1 v1 
• 5896 3961 Wavelength A. 4555 4554 3093 
Cone. p.p.m. 1 1 1 1 1000 
Power. increased. increased. increased. decreased. decreased 
Plasma Gas Flow. decreased. decreased. decreased. decreased. decreased 
Nebuliser Gas decreased. decreased. decreased. decreased. decreased Flow. 
Coolant Gas Flow. increased. similar. increased. decreased. decreased 
Height of increased. similar. increased.- s~lar. decreased Observation. 
Plasma Length. increased. increased. decreased. similar. 
X similar. decreased. decreased. decreased. similar. 
b similar. increased. increased. decreased. similar. 
a similar. similar. similar. s~lar. similar. 
x-b 
similar. decreased. decreased. increased. similar. b -a 
The annular orifice of nebuliser No. 2 must have been smaller 
than that of nebuliser No. 1 since the nebuliser was passing over twice 
as much solution with a flow-rate of gas nearly half of that of 
nebuliser No. 1 at the same pressure. The gas velocity must have been 
higher and the droplets smaller. 
With smaller droplets it might be expected that the power 
requirement would be lower as ~t would be easier to flash of£ the 
solvent. I£ the power is lower t.Q.en a lower background might also 
be expected and hence a similar or higher signal to background would 
result. 
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This is confirmed by the limited results for ion lines given 
in Table 157 where every parameter moves in an explicable fashion. 
The power requirement is less which necessitates less plasma gas and 
coolant and, of course, the nebuliser gas ~s reduced by virtue of 
the smaller orifice in the nebuliser. Although the s~gnal is 
reduced, as a result of the lower power, the background is reduced 
even more and hence an increased or similar ratio results. 
However, the changes and results obtained for the neutral atom 
lines are inexplicable apart from some of the gas flows for which an 
explanation could be concocted. It must be stressed again that the 
information obtained is l~ted and no hard conclusions can be drawn. 
There are further examples of anomalous behaviour on the part of 
the neutral atom lines. One such anomaly is shown in Table 158, 
which is a comparison of ratios and signals produced at two different 
concentrations of the same element. The optimised conditions for one 
concentration were found to be similar for the other concentration. 
Table 158. A Comparison of Signal to Backg:r;ound 
Ratios and Net Signals obtained at different 
Concentrations. With Conditions Optimum for both 
Concentrations. Scott Torch. 
Element. Na Al V 
• Wavelength A 5896 3961 3093 
State. u1 u1 v1 
X- bat 1000 ppm. 27,245 35,151 1,395 b - a 
x-b at 1000 ppm. 258,824 239,025 27,902 
X 
-b at l ppm 221 61 1.9 b -a 
X - b at l p.p.m. 1550 342 
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Since the ionisation potential of argon is higher than those of 
the elements of interest here, it might be expected at low concentrations, 
that the partial pressure of the analyte would be such that the electron 
density would be low, favouring an equilibrium shift to the right and a 
reduced emission from the neutral atoms, At high concentrations the 
electron density would be higher, favouring an equilibrium shift to the 
left enhancing the emission from the neutrals. In the case of ~on 
lines it would be expected that a low concentration would favour 
enhanced emission. In the case of the vanadium ion line in Table 157 
this occurs. However, for the atom lines the reverse of the expected 
is true. Again it must be stressed that the evidence is limited. 
As indications of how difficult a line is to excite it was 
thought reasonable to use the excitation potential for neutral lines 
and the sum of excitation and ionisation potentials for ion lines. 
These are simple and useful indicators, although it is realised that 
it is not rigorously correct to use them, (The emission from an 
excited state of an ionic line is proportional to 
-(E. + E )/K!l! e ~ ex 
A -E./K!J! n + e ~ 
e 
where E. and E are respectively the ionisation and excitation 
~ ex 
potentials, n is the electron density and A is a constant depending 
e 
upon temperature. Thus if the temperature is not too high and the 
ionisation potential not too low the second term in the denominator 
will be negligible. Under these circumstances the expression ~s 
equivalent to Boltzmann's Law with E. - E as the effective excitation 
~ ex 
energy). 
Although the quantity optimised was the net signal to background 
ratio and not the signal, it is to be expected that the optimum ratio 
should be obtained at a higher power for lines difficult to exc~te. 
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Assume for the moment that the system is in L.T.E. The background, 
if due to the argon continuum, will increase with temperature. So 
will the intens~ty of the line until the norm temperature is reached. 
It seems reasonable to expect the signal to background ratio for a 
given element to increase until the sensitivity curve begins to 
flatten out close to the norm temperature. Thus it might be 
expected that higher temperatures would be reqmred for the more 
difficult lines and this will be achieved with higher power. 
Fig. 98 shows that there is a convincing correlation between 
Eex or E. + E and optimised power (temperature) for the Greenfield 
~ ex 
torch operating with a nitrogen coolant. On the evidence, two 
different lines are obviously required for neutral atoms and ions. 
The two lowest points, marked w~th arrows, correspond to the lowest 
settings of the generator and the indications were that the optimum 
powers were lower than this. The range of optimum powers thus lies 
between something less than 0.8 kW for sodium to 2.6 kW for Zn 3072 
and Al 2816. 
Fig. 99 shows the corresponding results with the Scott torch. 
Here there is no correlation that can be believed for neutral atoms 
and a possible correlation for ion lines. Once again neutral atoms 
seem to behave differently in an all argon system. (An attempt was 
also made to correlate the optimum power for the neutral and ion lines 
with the norm temperature of the elements investigated. No 
convincing correlation was found for the neutral atoms on any of the 
three systems. There was some evidence of a correlation with the 
ion lines). 
2 
Greenf1eld Torch N1trogen Coolant 
0 
Ions 
Neutral Atoms 
0 
Not truly opt1m1sed. Power w1sh1ng to move 
1n d1rect1on 1nd1cated by arrow. 
4 6 10 12 16 
Plot of opt1m1sed power for neutral atom l1nes and for 10n lines versus 
n1trogen cooled Greenf1eld torch. 
E orE + E 
ex ex 10n 
18 
E or E + E. for the 
ex ex 1.on 
1 
0 
F1g. 99. 
0 
2 
Plot 
0 
0 
4 6 
Scott Torah 
8 10 
of opt1m1sed power for neutral atom 
for the argon cooled Scott torch. 
Neutral Atoms 
I 
12 14 16 18 20 22 24 E ex 
l1nes and for 1on lines versus Eex orE + E10n ex 
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It had been hoped that the set of opt~~sations carried out 
on the Greenfield torch with argon coolant would allow it to be seen 
whether the ~fference was due to the nature of the coolant gas, or 
to the difference in torches. Unfortunately, six of the eight spectral 
lines required a lower power than could be ac~eved. The only line 
that was strictly optimised with power was the A1 2816A, while the 
• optimum power for the Zn 3072A lay between 1.88 and 1.83 kW, these 
being respectively the lowest power on the large generator and the 
highest power on the small generator. (These results gave support to 
the belief in the effectiveness of the optimisation procedure). There 
is, therefore, no direct evidence to show whether the cell design or 
the nature of the coolant gas is responsible for the difference in 
behaviour of the two systems. It is tempting to speculate that the 
gas is the determining feature and more will be said of this in the 
concluding chapter. 
Table 158 compares the net ratios obtained from the optimised 
conditions for the three systems. 
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Table 159. X- b from Values of b Obtru.ned 
-a 
Qptim2sed Conditions for Three Plasma Systems. 
Solution Scott Greenfield Greenfie 
Wave:j.ength cone. Torch Torch Torch 
Element. State. A p.p.m. Ar Coolant. & Coolant. Ar Cool 
Na u1 5896 l 205 9ft 5r? 
Cs u, 4555 1000 129 343"" 9~ 
Al u1 3961 l 17 108 18* 
Zn u 3076 1000 15.6 ll.5t 17.7*" 
Zn u 3072 1000 1.09 1.35 0.94* 
Ea v1 4554 l 232 339 14ft 
V v1 3093 1000 1340 765t 1277 
Al v2 2816 1000 0.70 1.28 0.62 
* True optimisation not reached. 
t Interference from N2 bands. 
The values marked with a star are not true optimisations in the 
sense that some variable had reached its limit before the ratio had 
peaked. The most common cause of this was the limited range of the 
power settings, but on occasions values of plasma gas flows and 
nebuliser flows were indicated that resulted in the plasma being 
extinguished or becoming unstable. 
Although seven out of eight values for the Greenfield torch with 
an argon coolant suffer from these limitations, and have values which 
are strictly undetermined, it appears that better values are obtained 
with a nitrogen coolant than with argon. The two exceptions were 
Zn 3076 and V 3093. It was suspected that the reason for this might 
be due to the second positive emission system from the N2 molecule. 
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Spectra were photographed from plasmas with nitrogen and argon coolants 
and weak lines or possibly band heads were visible at those wavelengths 
where nitrogen was used. They were not vis~ble when an argon coolant 
was used. In this experiment no solution was aspirated, as strong 
OH bands in this region might have masked the lines sought. Thus it 
is felt JUStifiable to claim that unless there is interference from 
molecular emission, a plasma with a nitrogen coolant gives a better 
signal to background ratio than one with an argon coolant, at least 
for the Greenfield torch and over the wavelength range covered. This 
improved signal to background rati~where it occurs, is brought about 
by a reduction ~ background, probably due to the smaller plasma that 
results from a nitrogen cooled system, and a larger s~gnal. 
other generalizations wmch can be made about the comparisons 
of the three systems are that the volume of gas consumption tends to 
increase with increasing power, the length of the plasma tends to 
~ncrease with power in the optimised systems and the position of 
preferred observation height tends to be closer to the plasma in the 
optimised systems and part~cularly with the nitrogen system. 
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CRAPl'ER 11. 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK. 
Although the early work using the profile meter rap1dly showed 
the deficiencies of the method of signal measurement it did show that 
the gross signal increased with power in a way which would be 
consistent with a Boltzman type of excitation. It also established 
a close connection between optimum view1ng position and the power 
generated in the plasma. This power, of course, controlled the size, 
heat content and to some extent the temperature of the plasma. 
Before proceeding with the measurement of the signals, an 
examination was made of the noise in the system and of the figures 
of merit that could be used to compare the various plasmas. A Fourier 
analysis of the measured signals showed that the noise on the signals 
was low frequency noise of the type known as pink and proportional to 
the signal. This conclus1on was confirmed by plotting the standard 
deviation aga1nst the signal. The slope of the line was 0.9, 
certainly closer to the expected slope of 1.0, which would denote 
proportionality, than 0.5 which would be 1ndicative of the more 
general square root relationship. A further confirmation was obtained 
by comparing the signals from two solut1ons of iron differing in 
concentration and in exposure by a factor of ten. Neither set of 
results included the ratio/10 and therefore a square root dependence 
on the signal to noise is excluded. 
Since a square root dependence would be expected from the 
statistical irregularit1es of the quantised signal, the proport1onality 
exhibited must be due to other variations superimposed on the s1gnal. 
These could be in gas-flows, nebuliser performance, power stab1lity 
and impedance. An investigation into the source of this noise, 
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with a view to its eventual elimination, would be very fruitful 
as it may well lead to a great increase in the precision of 
inductively coupled plasma emission spectroscopy, (I.C.P. - O.E.S.). 
An examination of the various figures of merit that could be 
used to compare plasmas led to the follow~g conclus~ons. The ratio 
of the spectral radiances of the signal and the background radiation 
emanating from a plasma is a good ~dicator of the merit of that 
plasma and is independent of the spectrometer. The net rat~o of 
signal to background radiation, as measured on a spectrometer, is 
proportional to the ratio of spectral radiances and is a good in~cator 
of the relative merits of two or more plasmas when the signal to 
background ratios of all are measured on the same spectrometer. The 
detection limit is not independent of the spectrometer and can be 
degraded by the opto-electrical properties of the photomultiplier and 
the electrical properties of the associated circuitry. 
The replacing of the profile meter with a D.V.M. and measuring 
the potential drop across, in the first case, a 1M ohm resistor and 
later across a lOM ohm resistor did not ~crease the measuring 
accuracy sufficiently to obtain any useful data, but the introduction 
of an emitter follower impedance changer did enable some data to be 
obtained. These data confirmed early results that the signals 
received are a function of height of observation of the tail-flame of 
the plasma and the power in the plasma. It also showed that the 
optimum viewing position moved closer to the plasma as the power was 
increased, which fact led to a hypothesis of which more w~ll be 
reported later in the chapter. The emission from the sodium 5890A 
line increased with power, when observed at a constant height above 
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the plasma, and finally passed through a maxi=, unlike the emission 
from the two zinc lines, 3072A and 3076A, which did not pass through a 
maxiiiillm. This led to a conJecture that the norm temperature had been 
reached for sodium. However, this was discounted as the maxima at 
various heights had different values and the value was still 
increasing as the height of observation moved nearer to the plasma 
with increasing power. Another conJecture was made that changes 
in partial pressure of the analyte in the tail-flame could account 
for the discrepancies. The argument is not very convincing and 
further investigation could give a greater insight into plasma 
diagnostics. 
The net ratio increased with power and reached a maximum for 
• sodium at modest powers. In the case of zinc 3072A the net ratio 
was still increasing at very high powers. In contrast the net 
ratio from the zinc 3076A was constant over a wide range of power, 
starting at low powers and extending to high power, and exhibiting 
evidence of numerous ridges on the contour map. There was also 
evidence of two temperature maxima. These ridges were even more 
pronounced in the case of the boron 2497A line, although evidence of 
a maxiiiillm at high power occurred. The accuracy of measurement was 
still not good enough and doubts were beginning to be felt whether the 
emission, height, power, relationships could be taken in isolat~on 
to compare plasmas, as they were probably part of a five dimensioned 
space model which could not be visualised. A further attempt was made 
to improve the data for boron, by resorting to integration with a 
greatly improved measuring set. The presence of ridges on the 
contour map for net signal were confirmed and the presence of twin 
peaks on the contour map for net ratio established. This type of 
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phenomenon could well explain some of the conflicting reports on 
operatLng conditions which have appeared in the literature. 
One observat~on, that the optimum v~ewing height moved closer 
to the plasma the higher the power, led to the development of a model 
to explain this cur~ous feature, It was suggested that the analyte 
reached its maximum temperature whilst still within or close to the 
end of a long high powered plasma, whereas it reached its maximum 
temperature more in the tail-flame of a short low-powered plasma. 
In order to support this model, measurements were made of the 
excitation temperature of the analyte T , along the tail-flame and 
ex 
upto the end of the plasma tunnel, and calculations were then made 
of the kinetic temperature, Tk' of the analyte, within the tunnel, 
by using Jakob's equation for heat transfer w~thin a tube furnace. 
The agreement obtained was remarkably good. 
The implication of these results is that there is good agreement 
between Tex and Tk and therefore the nitrogen cooled plasma is in 
L.T.E. It is not, however, a rigorous proof that this state exists. 
The next stage in the work was to establish a method of working 
w~ch accounted for all the variables in the system. There were 
coolant, plasma and nebuliser gas flows, height of observation and 
power in the plasma. It had been established that all these variables 
were interelated. Different methods of optimising were tried; these 
included Factorial Design and Simplex methods. Neither of these was 
very successful. One difficulty with both these methods is that two 
discrete levels of each variable have to be chosen. If the 
difference between the two levels is small, the effect may be swamped 
by e=ors of measurement, while if too high, the points may lie on 
slopes on either side of the maximum. Both cases give rise to 
apparently capricious results. It was found that the Alternating 
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Variable Search method was more successful. This method is Sl.Jil1lly 
to maximise the ratio when changing one variable at a time. This 
sequence may have to be repeated many times. Under some circumstances 
the optimisation converges very quickly, although when diagonal ridges 
occur the convergence can be slow and require many cycles, 
The real advantage is that the variables can be changed quickly 
and continuously over a wide range and the effect can be seen quickly 
so the problem of choosing appropriate discrete levels does not 
occur. 
After proving the system worked by using two channels of the 
Polychromator and an X-Y recoriier to measure the signal and the 
background simultaneously, a Signal Divider network was constructed. 
Unfortunately, because of the noise in the system, heavy damping had 
to be used with the result that the sequence was not obtained quite 
instantaneously. However, it enabled the work to continue. 
This optimisation of variables is a potential area of research 
with a view to automation of the procedure, Quite clearly the 
tedious and time consuming manual optimisation described in this 
thesis could be controlled by a micro computer and serve-mechanisms, 
The resultant fast optimisation of the variables would lead to improved 
working as the prevailing practice in most laboratories is to carry 
out a superficial optimisation which the exper~ence of this work shows, 
must often be far from the true optimum conditions, 
A look was also taken at the profile of the tail-flame of the 
plasma using quartz optical fibres to examine an image of the plasma 
tail-flame. It was found that the highest signal to background ratio 
was to be found in a vertical area 7 mm high and 0, 7 mm wide, It was 
infe=ed that a vertical slit would give better signal to background 
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rat~os than would a horizontal sl~t and th~s was confirmed by rotating 
the image w~ th a Dove prism. Further investigahon may well show 
that a cylindrical lens filling the width of a hor~zontal slit with an 
image of a small central part of the tail-flame may give the best 
result. 
The main part of this work lay in comparing the net signal to 
background ratios of three plasma systems on one spectrometer. The 
three systems were the Scott torch with argon coolant and the 
Greenfield torch with argon and nitrogen coolants. High and low power 
generators were used as necessary, in the hope that they would give the 
power range required. Since the Meinhard nebuliser is normally used 
with the Scott torch and because it was known to be efficient, it was 
used with the three systems. 
A surprising discovery was that the Scott spray-chamber, which is 
normally used with the Scott torch, gave worse signal to background 
ratios than did the cyclone chamber normally used with the Greenfield 
torch. The reason for this was that, because of a greater transfer 
efficiency, a similar, or greater, amount of solute was carried to the 
plasma at a slower rate by the cyclone chamber. This is probably a 
function of the surface to volume rat~o of the two chambers and could 
bear further investigation, as could the seemingly impossible discovery 
that the uptake-rate of the nebuliser was less when spraying into free 
air than when spraying into either of the two chambers. 
The central question (what is the optimum wattage necessary to do 
useful analytical work?) has not been answered in a completely 
unambiguous fashion. The Scott torch was found to require powers 
rangmg from 0.53 to 1.21 kW, when a series of lines varying in 
difficulty of excitation were optimised for signal to background ratio. 
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However the same set of lines gave, 1n five cases out of eight and 
with powers vary1ng from less than 0.79 upto 2.6 kW, better signal to 
background rat1os on the Greenfield torch with nitrogen coolant. Of 
the other three cases, two of the lines were subject to molecular 
interference and the other was not truly optimised since the opt1m1sat1on 
required a lower power than could be obta1ned from either generator. 
The Greenfield torch with an argcn coolant could not be optim1sed 1n 
most cases as the power could not be reduced sufficiently for the gas 
flows required. However, in one case a power of 3.92 kW was required, 
at another 1.86 kW and 1t may be said that the bottom end was <1.39 kW. 
At the two powers where optimisation was achieved the net rat1os were 
sim1lar to those obta1ned with the Scott torch. 
It can be surmised that similar net rat1os would be obtained with 
both torches when each is run with the same coolant gas and that the 
power required is only a function of the size of the torch. It must be 
emphasised that attempts to run the Scott torch with a nitrogen coolant 
were unsuccessful and it is not known whether or not the net ratios 
would have been higher even had this been possible. The power controlling 
factor is the energy that is requ1red to dissociate and ion1se the 
nitrogen, and although the gas flows may be lower 1n a Scott torch there 
is little doubt that a nitrogen cooled plasma, if such were poss1ble, 
would require more power than the argon cooled Scott torch. 
The-nitrogen cooled plasma is smaller than the argon cooled plasma, 
a fact that undoubtedly leads to lower background radiation. It mav be 
noted that other gases, such as hydrogen, put an even greater thermal 
pinch onto the argon plasma and m~y well lead to even lower background 
radiation. This fact has been part1ally investigated by the author and 
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there is ev~dence that improved signal to background rat~os could 
result from the use of hydrogen. 
Th~s work has taken account of an intr~ns~c property of the plasma 
wh~ch ~s measured by the net s~gnal to background ratios. No account 
has been taken of the other properties of the plasma which are power 
dependent such as convenience of operation, dissoc~ation of molecules 
and ionisation. These dependencies are l~ttle known and are wait~ng to 
be investigated in a rigprous fash~on. 
On the question of choice of torch, it was observed that the 
injector of the Scott torch, wh~ch is an integral part of the torch, was 
much more read~ly blocked by aerosols of high solute content, such as 
1% w/v aluminium nitrate than was the Greenfield torch. It has also 
been reported by Browner 78 that a low powered system with a Scott torch 
was easily blocked by carbon when organic solvents were nebulised through 
it. In this author's experience no such blockage occurs with the large 
torch operating at h~gh power. 
Browner 78 also reported the presence of a green hue, denoting 
Swann bands, ~n h~s low powered system. This hue ~s absent when high 
power is used nor are the C-C bands vis~ble ~n the spectrum obta~ned 
from such a system. This has nothing to do with the type of torch, 
but is an example of dissociation of molecules by the use of h~gh power. 
Thus in answer to the question of the optimum wattage necessary 
to do useful work, it is possible to say that the operating power depends 
78 R.F.Browner, The XXIst Colloquium Spectroscopicum Internationale 
and 8th Internat~onal Conference on Atomic Spectroscopy, 
Cambridge, Un~ted Kingdom, July, 1979. 
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on the type of torch which is used and that depends on the use to which 
it is to be put and the effect which is desired. With the present state 
of the art and assuming that the full power of the techni~ue is to be 
exploited, this author believes that 4-5 kW in the plasma is a reasonable 
compromise. 
In conclusion, the interesting differences in behaviour between 
the argon cooled Scott torch and the nitrogen cooled Greenfield torch, 
apparent when an attempt was made to correlate the E or E. + E and 
ex ~ ex 
the opt~sed power and also the generally anomalous behaviour of the 
neutral atom lines in other respects, leads to the speculation that a 
different mode of excitation is operating in the divergent cases. 
The ~uite convincing correlation for both neutral and ion lines 
which was apparent with the nitrogen cooled torch was consistent with a 
Boltzmann type of excitation as was the correlation with the ion lines in 
the Scott torch. The neutral atom lines do not seem to correlate with 
E at all when excited by the argon cooled plasma of the Scott torch and 
ex 
this could be due to a very different type of excitation. 
It has been postulated 79 that some excited argon atoms do not 
spontaneously return to the ground state through a radiative trans~tion 
but remain in the metastable state. The excitation energy is then 
transferred by a process known as Penning 79 ionisation: 
79 J.Robin., 3rd Congress. ~t Spectrom. Absorpt. et Fluoresc. 
Atomiques, Paris, 1971, Methodes Physi~ues d'Analyse (special 
issue, 3rd C.I.S.A.F.A.). 
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ArMeta + X :---? 
~ 
The argon metastables have excitation energJ.es around 11 ev and are 
thus able to excite ion lines. It is thus possible that t~s type of 
excitation ~ increase the population of ions, excited or otherwise, 
and as a consequence perturb the equilibria between the excited levels 
and between ~onisation states. Thus it may be expected that less 
power will be required to excite some lines than would normally be the 
case. 
This is only a hypothesis and the ev~dence is limited; the work 
which has been done, although t=e consuming and te~ous, only po~nts 
the way to further investigation and the accumulation of much more data -
preferably by a fully automated computer controlled system. 

